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January 1982

Dr. Frank Press
President
National Academy of Sciences
Washington, D.C. 20418

Dear Dr. Press:

I take pleasure in transmitting to you the report of the As-
tronomy Survey Committee, Astronomy and Astrophysics for the
1980'5. This report contains the recommendations resulting from
the third decennial study of astronomy and astrophysics to be
carried_ out by the National Academy of Sciences.

The Whitford report, Ground-Based Astronomy: A Ten Year-Pro-
grain (1964), presented the first Academy survey of the field and
recommended a program for the construction of facilities for op-
tical and radio astronomy, calling attention particularly to the need
for increased numbers of optical telescopes of intermediate size.
The Greenstein. report, Astronomy and Astrophysics for the 1970's
(1972), treated both space and ground-based: programs and for the
first time established priorities ranging across all the fields of
astronomy and astrophysicv Its recommendations led to the
construction of the Very Large Array (VGA) radio telescope near
Socorro, New Mexico; the launch of three High Energy Astro-
nomical Observatory (HERO) satellites for observations of x rays,
gamma rays, and cosmic rays from space; the improvement of
detectors for optical and infrared radiation; and a number of other
advances. The present survey was requested by the National
Science Foundation and the National Aeronautics and Space
Administration, which shared its funding.

The Asserably of Mathematical and Physical Sciences accepts
this report as the consensus of the U.S. astronomical commu-
nity and believes that it will be ranked quickly with the Whit-
ford and Greenstein reports as an indispensable blueprint for the
future of astronomy and astrophysics during their respective
decades. The recommendations deserve the prompt attention and
serious response of the agencies of our government. Unfortu-
nately, the immediate future of support for astronomical science
is clouded by the present austerity in budgeting for nearly all
federal programs; one may hope, however, that the purposes of
the present fiscal policies will be achieved in a reasonably short

v
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i	 period and that a healthier base of federal scientific stapport will
then be restored. Looking ahead to that time, the Assembly dis-
cerns two broader concerns embodied in the report that deserve
particular emphasis. R

t	 The first relates to the future balance of funding provided to
astronomy and astrophysics by the two federut agencies primar-
fly charged with its support. The National Aeronautics and Space
Administration was able, during the 1970's, to compile an im-
pressive record of achievement in space astronomy and astro-
physics despite severe budgetary constraints and the consequent
inability to undertake numbers of outstanding proposed projects. s

Although some have been temporarily deferred, many of the fa-
cilities that will form the '' cornerstone of research in the coming
decade (such as Space Telescope) are a testimony to the com-
mitment of the federal government in support of space science
during the 1970's at the level required for steady advance. As is
made clear in the report, sustaining such a level of support is

s

necessary to preserve the vigor of U.S. astronomy during the
1980's. i.

By contrast, the annual budget of the Astronomy Division of
the National Science Foundation (NSr) has for some years been
less successful in providing the support necessary to sustain the F
vigor of programs in ground-based astronomy. The decade of the
1970's saw th	 initiation of only one major NSF construction
project in astronomy, the VLA. This magnificent instrument, the
first recommendation of the Greenstein report, has already be-
gun to make dramatic contributions to research. However, fund-
ing for the construction of a highly capable millimeter-wave ra-
dio telescope, another prominent recommendation of the
Greenstein report, has not yet received approval, although such
authorization was widely expected to appear in the 1982 federal
budget. Moreover, the NSF Astronomy Division operations
budget—burdened by having to absorb the expenses of the Sac-
ramento Peak Observatory during the 1970's and those of VLA i
operations from now on—has declined in real dollars to a level
that threatens the productive operation both of the National As-
tronomy Centers and of a .grants program vital to basic astro-
no meal research at U.S. universities. There is a serious risk that
the unique capabilities for astronomical research established in the

i	 United States with the backing of Congress and the Executive -
E	 Branches of government will be dissipated. Commitment to re-
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store the health of U.S, programs in ground-based astronomy is
urged in this report.

The second concern we see reflected in this report, and one
that extends throughout the scientific community, relates to the
need for expanding national support of new-technology develop-
ments. Most of the exciting discoveries in astronomy during re-
cent decades are the direct result of adwc aces in technology. In
some cases, these advances resulted from programs directed
specifically toward astronomical research; in others, they re-
sulted from the adaptation of new technology originally devel-
oped for other scientific, industrial, or military purposes. Thus,
a broadly based program of technological development is no less
important than the specific programs recommended in this re-
port, if astronomical research is to move forward in the decade
ahead. In fact, we believe that this is' true of science in general;
our national capability in science depends on a renewed com-
mitment to a broadly based program of technological develop-
ment. In a time of general retrenchment in the initiation of new
starts, investment in development of new technology and in de-
sign studies of very advanced facilities is a wise strategy.

Sincerely yours,

Herbert Friedman, Gtainnan
Assembly of Mathematical

and Physical Sciences
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Preface

By the late 1970'n, rapid advances in astronomical research had es-
tablished the necessity for a new survey of the needs of astronomy
and astrophysics to follow that presented in the Greenstein report,
published in 1972. Following the appointment of the Chairman of a
proposed new Astronomy Survey Committee in April 1978, prelim-
inary planning began for the-two-year study that has produced the
present report, Astronomy caul Astrophysics for the 1980's.

In the summer of 1978, the Chairman wrote to 223 astronomers
and physicists across the nation, asking for their nominations for
membership on the new Committee; more than half responded,
suggesting the names of 229 different scientists. From this list, seven
scientists were selected to join the Chairman as the nucleus of the
Committee, which first met in December 1978. Through the addition
of other experts in various fields of astronomy and astrophysics, the
Survey, Committee eventually grew to 21 members, representing a
wide variety of institutions in various parts of the country. Its final
meeting was held in December 1980.

The Academy charged the Committee with the development of
priorities for a comprehensive program in astronomy and astro-
physics for the 1980's. This task proved highly challenging, as the
scope and power of astronomical techniques have grown impres-
sively since the completion of the Greenstein report. For example,
x-ray astronomy is no longer an emerging field of research occupied
with studies of only a few bizarre objects; it has now matured to

xi
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stand with optical and radio astronomy as a comprehensive and
versatile area of astrophysical inquiry. Infrared astronomy has grown
from irF ^ncy to youthful vigor; ultraviolet, gamma-ray, and cosmic-
ray observations have contributed important new results; and the
more established fields of optical and radio astronomy have them-
selves recorded dramatic advances during the past ten years. To
these achievements must be added the contributions to astronomy
made by the separate program of lunar and planetary exploration
using deep -space probes, together with new results from related
sciences. The overall charge to the present Astronomy Survey Com-
mittee thus represented a challenge even greater than that so well
met by the Greenstein Committee in its study of this rapidly changing
field.

In order to carry out its charge, the Committee first had to delineate
its domain of inquiry, For the purposes of this report, observational
astronomy is taken to be the obtaining of information about astro-
nomical bodies by remote sensing :Iiom the surface of the Earth, from
the Earth 's atmosphere, and from Earth orbit in space. The Astron-
omy Survey Committee has therefore not considered recommenda-
tions for:

1. Instruments or facilities on spacecraft designed to escape Earth
orbit, such as deep -space probes to the planets, Sun, or other bodies
in the solar system;

2. Programs to study the nature or environment of the Earth itself,
such as the Earth 's atmosphere or magnetosphere;

3. The gathering and laboratory analysis of samples of matter orig-
inating beyond the Earth; or

4. Instruments or facilities intended primarily to test the predic-
tions of different theories of gravitation, rather than to obtain infor-
mation about astronomical bodies, whether or not such tests are
conducted in space or involve celestial observations.

The foregoing restrictions on the present study are not meant in
any way to minimize the importance of the areas of science thereby
excluded—namely, solar -system exploration by deep-space probes,
Earth sciences, meteoritics, and gravitational physics. Each of these
scientific areas, although not the subject of recommendations in this
report, is a vigorous subject of research in its own right; each is also
the province of one or more appropriately constituted committees or
advisory groups, charged, like the Astronomy Survey Committee,
with the formulation of recommendations for its guidance.

Our national program of planetary exploration has been ably guided
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by strategies developed by the Committee on Planetary and Lunar
Exploration (COMPLEX) of the Space Science Board (ssE), which has
published a series of reports dealing with strategies for the explo-
ration of the outer solar system, the inner planets, and primitive
solar-system bodies. Later in this decade, a probe to the Sun should
become feasible; such a mission has been recommended by the SSU'S
Committee on Solar and Space Physics (CssP), which has also con-
sidered the role of in sitit measurements in the study of the solar
wind and its interaction with planetary atmospheres, ionospheres,
and magnetospheres. Eventually, deep-space probes. devoted en-
tirely to astronomical objectives should be considered; an identifi-
cation of their programmatic roles may emerge through future rec-
ommendations of Ssa's Committee on Space Astronomy and
Astrophysics (CSAA). Investigations of the Earth's atmosphere and
magnetosphere by space techniques have an important bearing on
our knowledge of the structure and history of the inner solar system;
strategies for such investigations have been developed by cssP and
by the 55B'S Committee on Earth Sciences (CES). Through studies of
meteorites and samples of interplanetary dust, it has been recognized
that such material he Ids vital clues to the early history and chemical
composition of the solar system, particularly through preservation
of isotope ratios of astrophysically important elements; a thorough
discussion of meteoritics and related research areas is presented in
the recent report by COMPLEX on primitive solar-system bodies. Fi-
nally, the Committee notes that the study of gravitational physics is
of particular importance to astronomy, as the large-scale structure of
the Universe is determined almost entirely by the action of gravi-
tational forces. Some of the most important future tests of the General
Theory of Relativity and other theories of gravitation may require
experiments in space; the recent report of the SSE's ad hoc Committee
on Gravitational Physics presents a strategy for space research in
gravitational physics for the 1980's.

To begin the present survey of astronomy and astrophysics—and
particularly to help identify the most important scientific questions
for the 1980'5--the Committee first established seven Working Groups.
Four of these were chosen according to objects or physical regions
of scientific study: Solar Physics, Planetary Science, Galactic Astron-
omy, and Extragalactic Astronomy. A fifth Working Group, on Re-
lated Areas of Science, was chosen to survey developments during
the 1970's in other sciences of importance to astronomy and to bring
to the Committee's attention the directions such research might take
in the coming decade. The final two Working Groups, on Astrometry
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and on the Search for Extraterrestrial Intelligence (sE-n), were estab-
lished to examine the rather different opportunities presented by
these two specialized fields. The reports of the Working Groups
served as internal Committee documents; because of their quality
and vision the Committee has sponsored their publication as an
independent supplement to the present report. These reports—which
reflect the conclusions of the Working Groups rather than recom-
mendations of the Survey Committee—are to be found in the com-
panion volume, Challenges to Astronomy and Astroph;;sics: Working Doc-
unients of the Astronomy Survey Committee.

To aid the Committee in the formulation of recommendations, the
Committee also established six Panels. Five of these correspond to
techniques of astronomical study and were intended to provide direct
channels of communication with the communities of scientists em-
ploying them: High Energy Astrophysics; Ultraviolet, Optical, and
Infrared Astronomy; Radio Astronomy; Theoretical and Laboratory
Astrophysics; and Data Processing and Computational Facilities, al-
though the last has obvious connections to the rest. A sixth Panel,
on Organization, Education, and Personnel, was charged with a more
general investigation of the health of the professions involved in
astronomical research. All the Panels were asked to make recom-
mendations in their respective areas for the consideration of the
Survey Committee; these may be found in the second volume of the
present study, Astronomy and Astrophysics for the 1980's, Volume 2:
Reports of the Panels (National Academy Press, Washington, D.C.,
1982).

The Committee sought from the beginning to engage the widest
possible participation of the scientific community. Together with con-
sultants, the Working Groups, Panels, and the Committee itself in-
volved more than 130 scientists. Meetings of nearly all of these Sur-
vey groups were held at centers of astronomical research across the
country in order to provide opportunities for other scientific col-
leagues to be heard. In Open Letters of April 1979 and November
1979 to the 3700 members of the American Astronomical Society
(AAS), the Committee Chairman explained the organization )f the
Survey, listed its participants, and invited the comments and sug-
gestions of the scientific community. The second Open Letter was
accompanied by a form that could be used by AAS members and
their colleagues to propose astronomy projects or programs for the
1980's. The many responses received from this second mailing were
directed to the appropriate Panels for evaluation and, where appro-
priate, incorporation into the Panel reports and recommendations.
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The Committee also benefited from the study of numerous other
reports dealing with future planning for astronomy and astrophysics.
One of those most directly relevant to the present Survey is the
recent report, A Strategy for Space Astronoiny and Astrophysics for the
1980's (National Academy of Sciences, Washington, D.C., 1979), pro-
duced by the CSAA of the SSB. Although restricted to research from
space, this study went far in delineating many of the issues later
faced by the Committee, and it also suggested the format of the
present Committee's recommendations. The Committee believes that
its own recommendations and those of CSAA are consistent and mu-
tually supportive in the area of space astronomy and astrophysics.

The recommendations for a program in astronomy and astro-
physics, summarized in Chapter 2, are presented in three groups:
Prerequisites for New Research Initiatives, New Programs, and Pro-
grams for Study and Development. The major criteria for selection
of scientific programs were scientific importance and technological
readiness, although consideration was also given to cost-effective-
ness. The recommendations of the Panels figured heavily in the
debate over selection and priorities, but the fact of a Panel recom-
mendation was not considered in itself sufficient for high priority or
even inclusion in the recommended program. The final recommen-
dations are those of the Survey Committee alone.

Chapter 3 of the present report, "Frontiers of Astrophysics," pre-
sents a discussion of a number of major areas of astronomical re-
search today and illustrates the excitement of this field, which, per-
haps more than any other science, has so captured the attention and
admiration of the general public; it also provides scientific back-

	

ground for the recommended program. The remaining chapters of
	 1

the report describe the recommended program in greater detail and
discuss the importance of each recommendation to the future de-
velopment of astronomy and astrophysics in the United States.

	

The Astronomy Survey Committee is grateful for the contributions 	 ^►
of many individuals to its effort, particularly the members of the
Panels and Working Groups listed in Appendix C, In addition, the
Committee wishes to thank the following: Bruce Gregory and Hope

	

Bell of the National Research Council staff, for invaluable advice and 	
E

assistance; William E. Howard III of the National Science Foundation,
and Adrienne Timothy, Jeffrey Rosendhal, and Franklin Martin of
the National Aeronautics and Space Administration, f9r helpful dis-
cussions on many occasions and other much appreciated support;
Ivan King, former President of the American Astronomical Society,
Peter Boyce, AAS Executive Officer, and other members of the AAS
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Council, for their interest and help in publicizing Survey activities;
and, finally, Paul Blanchard, Executive Secretary; Dale Rinkel, Ad-
ministrative Secretary; and Martha H. Liller for their tireless efforts
on behalf of the Astronomy Survey generally.

George B. Field, Chafrntan
Astronomy Survey Committee
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Introduction

OUR COSMIC HERITAGE	 f

!Nature offers no greater splendor than the starry sky on a clear,
dark night. Silent, timeless, jeweled with the constellations of
ancient myth and legend, the night s'ty has inspired wonder
throughout the ages. It is a wonder that leads our imagination
far from the confines of Earth and the pace of present day, out
into boundless space and cosmic time itself.

Astronomy, born in response to that wonder, is sustained by
two of the most fundamental traits of human nature: the need to
explore and the need to understand. Through the interplay of
discovery, the aim of exploration, and analysis, the key to
understanding, answers to questions about the Universe have
been sought since the earliest times, for astronomy is the oldest
of the sciences. Yet it has never been, since its beginnings, more
vigorous or exciting than it is today.

Through modern astronomy, we now know that we are con-
nected to distant space and time not only by our imagination but
also through a common cosmic heritage: the chemical elements
that make up our bodies were created billions of years ago in the
hot interiors of remote and long-vanished stars. Their hydrogen
and helium fuel finally spent, these giant stars met death in
cataclysmic supernova explosions, scattering afar the atoms of
heavy elements synthesized deep within their cores. Eventually

3



4	 ASTRONOMY AND ASTROPHYSICS FOR THE 1980's

this material collected into clouds of gas in interstellar space;
these, in turn, slowly collapsed to give birth to a new genera-
tion of stars. In this way, the Sun and its complement of planets
were formed nearly 5 billion years ago. Drawing upon the ma-
terial gathered from the debris of its stellar ancestors, the planet
Earth provided the conditions that ultimately gave rise to life.
Thus, like every object in the solar system, each living creature
on Earth embodies atoms from distant corners of our Galaxy and
from a past thousands of times more remote than the begin-
nings of human evolution.

Although ours is the only planetary system we know, others
may surround many of the hundreds of billions of stars in our
Galaxy. Elsewhere in the Universe, beings with an intelligence
surpassing our own may also at this moment gaze in wonder at
the night sky, impelled by an even more powerful imagination.
If such beings exist—possibly even communicating across the vast
expanses of interstellar spacer they, too, must share our cosmic
heritage.

This recognition of our cosmic heritage is a relatively ,recent
achievement in astronomy. However, it is but one of many such
insights that our generation alone has 'been privileged to attain.
In all of history, there have been only two periods in which our	 r
view of the Universe has been revolutionized within a single
human lifetime. The first occurred three and a half centuries ago
at the time of Galileo; the second is now under way, 	 r

EXPLORATION AND UNDERSTANDING

The discoveries of the past 20 years, made from both ground-
based and space observatories, have radically changed our con=
cepts of the origin and evolution of stars, galaxies, and the

r Universe itself.
The 1960's saw the discovery of quasars, x-ray source's outside

the solar system, the cosmic microwave background radiation,
pulsars, high-energy-celestial gamma rays, large-scale inhomo-
geneities in the solar corona, and polyatomic molecules in inter-

'^ st0lar clouds. The rapid pace of discovery continued in the
:,.1970's:

1970: Mum, the first satellite x-ray observatory, is launched; it
reveals that many bright Galactic x-ray sources are neutron stars
accreting matter from nearby companion stars and that many

{
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clusters of galaxies are pervaded by hot intergalactic gas whose
mass rivals that of the galaxies themselves.

1971: Using very-long-baseline interferometry (vto), radio as-
tronomers find that in a number of quasars, individual radio
components appear to move apart from one another at speeds
greater than that of light; there is still no definitive explanation
for this phenomenon.

1972: The Copernicus satellite is launched to provide high-reso-
lution ultraviolet spectroscopic observations of stars and inter-
stellar gas; vast regions of the interstellar medium are shown to
be heated to hundreds of thousands of degrees by the shock
waves from supernova explosions.

1972: The Gamma Ray Explorer satellite is launched, provid-
ing the first detailed picture of the Galactic plane in gamma rays,
as well as measurements of the spectrum of the diffuse extraga-
lactic gamma radiation; two pulsars are also detected.

1973: Ground-based observations reveal a cloud of sodium gas
surrounding Jupiter's satellite lo; later a torus of gas injected by
to into orbit around Jupiter is found, presaging the discovery of
to's vigorous volcanic activity by the Voyager 1 spacecraft.

1973: Observations by the Skylab satellite confirm earlier indi-
cations that high-velocity solar-wind streams flow from "coronal
holes," solar regions of much reduced x-ray and ultraviolet
emission; these streams are later recognized as the source of
many geomagnetic disturbances on the Earth.

1974: Radio observations of the pulsar hSR 1913+16 show that
it orbits a companion star every b hours; precise measurements
of this binary pt ,Ibar later confirm the prediction of the General
Theory of Relativity that a binary-star system radiates energy in
the form of gravitational waves.

1975: Observations confirm theoretical predictions that the so-
lar surface undergoes 5-minute oscillations as a result of waves
in the solar interior; detailed measurements of these oscillations
later provide seismic probes of solar structure that reach nearly
to the Sun's core.

1976: An experir ant to measure the flux of neutrinos from the
center of the Sun, in progress since 1970, shows that the flux is
no more than one third of that predicted by current theory; this
finding prompts a searching re-examination of the theory of
generation of nuclear energy in stars.

1977: In the first such discovery since the rings of Saturn were
discovered in the seventeenth century, rings are found around
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Uranus. In 1979, Voyager 1 detects the first known ring around
Jupiter and in 1980 reveals complex structure in the rings of
Saturn.

1978: The Einstein Observatory, carrying an imaging x-ray tele-
scope, is launched to acquire the first high-resolution images and
detailed spectra of the x-ray sky; these observations provide im-
portant new insights into the properties of nearly every kind of
astronomical object.

1978: Infrared spectroscopy reveals the expansion of a shell of
dust and gas away from a protostellar condensation in the Or-
ion nebula; if the expansion is due to the pressure of radiation
from a newborn star within the shell, this star must be only 2000
years old, and thus the youngest ever observed.

1978: Radio and x-ray emissions from the Galactic object SS 433
prompt optical studies that reveal that it emits jets of matter at
about one fourth of the speed of light; SS 433 may be a small-
scale stellar counterpart of the mysterious objects that produce
energetic jets in some quasars.

1978: The International Ultraviolet Explorer (IUE) satellite is
launched; observations establish temperature scales for hot stars,
reveal resemblances between quasars and Seyfert galaxies, and
show that mass loss from stars at rates high enough to affect
stellar evolution is nearly universal.

1979: Isotopic analysis of cosmic rays shows conclusively that
they constitute a sample of matter with a nucleosynthetic his-
tory different from that of the Sun.

1979: The most intense gamma-ray burst ever recorded is ob-
served by an international network of spacecraft; it is shown to
have come from the same direction as that of a supernova rem-
nant in the Large Magellanic Cloud.

1979: A multiple quasar is detected and shown to be the re-
sult of the splitting of light beams from a single, distant quasar
by the "gravitational lens" effect of an intervening galaxy; a
second example is found in 1980.

These and other key discoveries of the past 20 years must
certainly be ranked in significance with those in the decades
following Galileo's telescopic observations. They are the direct
results of the imaginative application of new technologies for

1 obtaining and recording astronomical information. Indeed, the pace
of discovery has been set largely by the rate of advance of

^.technology.

:..
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During the 1970's, for example, the maturing of space tech-
nology and instrumentation opened up the far-ultraviolet, x-ray,
and gamma-ray regions of the spectrum to extensive new obser-
vations. Infrared astronomy from the ground and from aircraft
and balloons made major strides, with orbiting telescopes sched-
uled for the decade ahead, The development of highly efficient
detectors for optical astronomy permitted the study of extremely
faint and previously inaccessible objects with large telescopes and
enabled smaller facilities to become major research tools. New
technologies for telescope construction—employing thin mirrors or
mirror segments, ultrashort focal lengths, lightweight support
structures, and innovative designs for domes or housings—made
it both technically and economically feasible to build much larger
telescopes for optical and infrared studies. Computers evolved into
workaday tools in both the laboratory and the observatory so that
it is now feasible to apply them to data reduction, image pro
cessing, and theoretical studies in research facilities across the
nation.

The 1980's will almost certainly witness further discoveries to
rank with those of recent decades; however, new discoveries do
not necessarily lead immediately to a deeper understanding of the
Universe. Such understanding, the ultimate goal of astronomy,
requires the careful analysis of observations to test their validity

`, and to assess their relationship to currently accepted knowledge.
In contrast to observational discoveries, major advances in our

understanding of the Universe seldom burst suddenly upon the
scientific world, bearing key dates that will ring through his-
tory. Rather, they usually require the systematic measurement,
classification, interpretation, and study of many objects and
phenomena, whose common properties and unifying features may
not become apparent until years of effort have been devoted to
the task. Our empirical knowledge of the Universe is gained al-
most entirely from the laborious, time-consuming collection of the
feeble electromagnetic radiations that reach us from very distant
objects. Instruments and facilities to follow up and analyze ini-
tial discoveries must therefore be more powerful, more versatile,
and longer lived than those intended primarily for discovery.
They must also be able to return and process new information at
more rapid rates, if advances in our understanding are not to lag
behind the pace of initial exploration.

The gathering of observational data is, however, only the first
step in the quest for understanding; these data must then be

•
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analyzed and interpreted with the aid of astrophysical theory/ The
task of theory is to develop physical models for the mecha-
nisms that underlie the observed phenomena, to calculate the
properties of the models, to test these properties through com-
parisons with the observations, and to predict the results of new
observations. When such comparisons are favorable and the pre-
dictions accurate, our understanding has advanced. The con-
struction of astrophysical theories is based on the results from
mathematics and the other sciences, particularly physics and
chemistry. Laboratory studies are essential to provide the atomic,
molecular, and nuclear data needed in theoretical analysis. All of
these activities essential to the search for understanding are
nurtured in our universities and research institutions, where the
astronomical knowledge and skills gained in the past are refined
by new research results and transmitted to those who will fol-
low.

' The past decade has seen impressive progress toward under-
standing many of the more significant and challenging problems
of contemporary astronomy. For example, in the decade be-

{ tween the launch of the Uhtim satellite in 1970 and the imaging
and spectroscopic work of the Einstein Observatory, x-ray as-
tronomy progressed from a low-resolution survey of the x-ray sky
that revealed a few hundred mostly unidentified sources, to the
detailed study of x-ray emission from thousands of astronomical
objects of all classes, ranging from normal stars to quasars and
clusters of galaxies. The model of x-ray stars based on the the-
ory of accretion of matter onto compact objects such as neutron
stars and black holes has provided a possible model for also
understanding the vastly more powerful energy sources of ac-
tive galactic nuclei and quasars.

Another example of impressive progress recorded during the
1970's is our increased understanding of the structure and en-
ergy balance of the interstellar medium. Ultraviolet spectroscopy
provided by the Copernicus and WE satellite observatories, cou-
pled with x-ray observations from rockets and satellites, has re-
vealed that large regions of interstellar space are filled with gas
heated to hundreds of thousands of degrees by shock waves from
supernova explosions; other ultraviolet studies have shown that
mass loss is a feature of normal stellar evolution. These investi-
gations, powerfully aided by theoretical and laboratory studies of
atomic and molecular properties, have led to a new understand-
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ing of the ways in which stars are coupled to their surrounding
environment.

In some important areas of astronomy, however, understand-
ing has progressed less rapidly, often because critical observa-
tions needed to distinguish between alternative theoretical possi-
bilities are lacking. One such area is star formation, now known
to be occurring in certain regions of the disks of many galaxies,
including our own. The phenomena involved are extremely
complex. Stars are born in clouds of gas and dust that form at
low temperatures and radiate predominantly in the infrared and
millimeter wavelength regions of the spectrum. Despite the great
improvements in detectors and ground-based instrumentation in
these wavelength regions during the 1970's, a new generation of
observational facilities both in space and on the ground will be
required to furnish the increases in spatial and spectral resolu-
tion needed for detailed comparison of regions of star formation
with increasingly sophisticated theoretical models.

The evolution of galaxies is another area in which our under-
standing has been impeded by the lack of observations of suffi-
cient numbers of objects at or beyond the limits of present fa-
cilities, although the 1970's provided fascinating hints of what we
will eventually find. The 1960's furnished clear evidence that we
live in an evolving Universe: the detection of the cosmic micro-
wave background radiation, believed to be a relic of the big bang,
and the discovery that the densities of radio sources and qua-
sars increase with distance as one looks back to earlier stages in
the history of the Universe. Recent observations suggest that
distant galaxies are bluer than nearby ones, providing the first
direct evidence for the evolution of galaxies. A better ! ,,nder-
standing of the evolution of the Universe will require measure-
ments of much more distant and hence much fainter galaxies than
are currently observable with our largest telescopes equipped with
the best detectors. Only through such measurements will we be
able to determine the general properties of galaxies at early stages
in their evolution, when these properties were noticeably differ-
ent from those of galaxies closer to us.

A DECADE OF OPPORTUNITY

The Astronomy Survey Committee believes that the programs
recommended in this report are those that will most effectively

-_---
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advance both exploration and understanding during the coming
decade.

These programs aLidress the most significant questions that
confront contemporary astronomy, /For example: What is the large-
scale structure of the Universe? How do galaxies evolve? What
role do violent events play in the evolution of the Universe? How
are stars and planets formed? What causes activity on the sur-
faces of the Sun and other stars? How widespread are life and
intelligence in the Universe? And do the connections between
astronomy and the nature of the fundamental forces hold the key
to a unified understanding of all cosmic processes? Chapter 3
presents a detailed examination of these questions and a discus-
sion of how they may be addressed through implementation of
the Committee recommendations.

The technological developments of the 1970's permit these
problems to be attacked now, with a high degree of effective-
ness, and at reasonable cost. The maturing of space astronomy,
advances in detectors, reduction in cost of computers, and new
technologies for constructing telescopes have already been men-
tioned; to these developments must be added more specialized
advances, such as the refinement of radio v1.13r, short-wave-
length antenna design and fabrication; new approaches to the
detection of cosmic rays, neutrinos, and gravitational waves; and
infrared interferometry. New facilities incorporating these devel-
opments will undoubtedly yield advances in our understanding
of the Universe and, like those of the recent past, will produce
additional new discoveries of their own.

One should also recognize the importance of astronomical re-
search as an essential contribution to the scientific and techno-
logical vigor of the nation. The entire field has grown explo-
sively during the past two decades, and the research activity of
trained astronomers has become a significant component of the
U.S. scientific enterprise. Maintaining U.S. leadership in astro-
nomical research will be an increasing challenge during the 1980's,
as other nations continue to develop their scientific capabilities.

Research in astronomy has furthermore often had a surprising
impact on technology. It was through attempts to understand the
orbiting of the Moon and planets that Newton discovered the
laws of motion that are the basis of modern engineering. The
theory of radiative transfer, the development of which was
stimulated by the need of astrophysicists to understand the es-
cape of radiation from the outer layers of a star, was later ap-
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plied by engineers to studies of the escape of neutrons from
nuclear reactors. In attempting to explain the source of stellar
energy, astrophysicists helped to advance our understanding of
thermonuclear fusion; astrophysical studies of plasmas in space
have contributed to the theory of magnetic plasma confinement,
which is applied to the control of thermonuclear fusion for
practical purposes.

New concepts emerge as astronomy attempts to understand the
Universe. Picked up and developed by other scientists, they be-
come part of the knowledge that underlies modern technology.
Today astronomers are again confronted by puzzling phenomena
in space, such as relativistic beams of matter, interstellar ma-
sers, and superdense matter. The new concepts that will be re-
quired to understand such phenomena will surely have an im-
pact on the technology of the future.

The programs recommended are those that the Cgmmittee be-
lieves are most likely to promote scientific knowledge in the
coming decade. However, no projections for a decade of re-
search can be exhaustive, particularly for an age of discovery like
the one in which we live. A different and still more wonderful
view of the cosmos will almost surely be revealed to us in the
years ahead. The discoveries of our generation have brought us
to the threshold of a revolution in physical thought, in which the
properties of elementary particles may hold the key to under-
standing the early history of the Universe and in which the
quantum properties of gravitation, unrecognized in the theories
of Newton and Einstein, may play a central role in understand-
ing cosmic evolution. Flexibility and openness to new opportu-
nities, as well as implementation of the programs recommended
here, will be needed to respond effectively to discoveries and
developments that cannot now be foreseen.
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Recommended Priorities for
Astronomy and Astrophysics
in the 1980'

The Astronomy Survey Committee takes note at the outset of the
support provided to U.S. astronomy and astrophysics over the past
decades through the scientific programs of the National Science
Foundation (NSF), the National Aeronautics and Space Administra-
tion (NASA), and other federal agencies. This support has enabled
U.S. astronomical research to maintain an overall position of world
leadership and has vastly widened our horizons for exploration of
the Universe.

The programs recommended in this r--°)ort have been selected from
research activities that were, at the beginning of the Survey, can-
didates for implementation in fiscal year 1983 and beyond. Before
presenting a summary of its recommendations, however, the Com-
mittee wishes to emphasize the importance of approved, continuing,
and previously recommended programs to the progress of astronom-
ical research during the remainder of the decade. The present Com-
mittee's recommendations take explicit account of such programs

v	 and build upon them.
The Committee calls particular attention to the need for support

of the following approved and continuing programs, for which the
order of listing carries no implication of priority: Space Telescope
and the associated Space Telescope Science Institute; second-gen-
eration Space Telescope instrumentation; the Gamma Ray Observ-
atory; NASA level-of-effort observational programs, including research
with balloons, aircraft, and sounding rockets, together with the Ex-

13
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plorer and Spacelab programs; the Solar Optical Telescope and the
Shuttle Infrared Telescope Facility for Spacelab; facilities for the de-
tection of neutrinos from the solar interior; federal grants in support
of basic astronomical research at U.S. universities; and programs at
the National Astronomy Centers. The 25-10eter Millimeter-Wave Ra-
dio Telescope, which was recommended in an earlier form in the
Greenstein report, has not yet been implemented. The present status
of these approved, continuing, and previously recommended pro-
grams is described later in this chapter; their importance for the
health of U.S. astronomy in the 1980's is discussed in Chapter 4.

SUMMARY OF THE RECOMMENDED PROGRAM

The Astronomy Survey Committee recommendations for a pro-
gram in astronomy and astrophysics for the 1980's fall into three
general categories:

Prerequisites for new research initiatives;
New programs; and
Programs for study and development.

As noted in the Preface, the observational components of these
recommendations are restricted to remote sensing from the Earth
or its vicinity. A background and overview of the recommenda-
tions follows later in this chapter.

Prerequisites for New Research Initiatives

In order to be effective, the recommended new research initiatives
for the coming decade must be supported by a set of Prerequisites
that apply to both the gathering and the analysis of the data pro-
duced. These Prerequisites are essential for the success of major
programs but are inexpensive by comparison. Although significant
support already exists for each, the Committee strongly recommends
substantial augmentations in the following areas, in which the order
of listing carries no implication of priority:

A. Instrumentation and detectors, to utilize the latest technology to
enhance the efficiency of both new and existing telescopes in the
most cost-effective manner;

B. Theory acid data analysis, to facilitate the rapid analysis and under-
standing of observational data;

r
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C. Con ►putational facilities, to promote data reduction, image pro-
cessing, and theoretical calculations;

D. Laboratory astrophysics, to furnish the atomic, molecular, and
nuclear data essential to the interpretation of nearly all astronomical
observations; and

E. Technical support at ground-based observatories, to ensure that mod-
ern astronomical instrumentation is maintained in the best condition
permitted by the state of the art.

F

A detailed consideration and justification of these Research Prereq-
uisites appears in Chapter 5.

New Progran ► s
The Astronomy Survey Committee recommends the approval and
funding of new programs in astronomy and astrophysics for the w
1980's. These have been arranged into three categories according to

k
the scale of resources required.

A. Major New Progra ►ns	 The Committee believes that four major
programs are critically important for the rapid and effective progress
of astronomical re, earch in the 1980's and is unanimous in recom-
mending the following order of priority:

1. An Advanced X-Ray Astrophysics Facility (AxAF) operated as a
permanent national observatory in space, to provide x-ray
pictures of the Universe comparable in depth and detail with
those of the most advanced optical and radio telescopes.
Continuing the remarkable development of x-ray technology
applied to astronomy during the 1970's, this facility will
combine greatly improved angular and spectral resolution
with a sensitivity up to one hundred times greater than that
of any previous x-ray mission.

2. A Very-Long-Baseline (vt.a) Array of radio telescopes designed
to produce radio images with an angular resolution of 0.3
milliaresecond. Among many potential applications of pro-
found importance, this instrument will probe the small-scale
structure surrounding the enigmatic energy sources in the
cores of quasars and active galactic nuclei and wih directly
determine the distance scale within our Galaxy with un-
precedented accuracy.

3. A New Technology Telescope (NTT) of the 15-m class operating
from the ground at wavelengths of 0.3 to 20 µm, to provide
a tenfold increase in light-gathering capacity at visual wave-

--
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lengths and a hundredfold increase in speed for spectros-
copy at infrared wavelengths, with application to a very
wide range of scientific problems. The Committee finds the
scientific merit of this instrument to be as high as that of
any other facility considered and emphasizes that its priority
ranking does not reflect its scientific importance but rather
its state of technological readiness. The design studies needed
before NTT can be constructed are of the highest priority and should
the undertaken innnediately.

4. A Large Deployable Reflector in space, to carry out spectro-
scopic and imaging observations in the far-infrared and sub-
millimeter wavelength regions of the spectrum that are in-
accessible to study from the ground, thus extending the
powerful capabilities of NTT to these longer wavelengths.
Such an instrument, in the 10-m class, will present unprec-
edented opportunities for studying molecular and atomic
processes that accompany the formation of stars and plan-
etary systems.

B. Moderate New Programs In rough order of priority, these are:
1. An augmentation to the NASA Explorer program, which remains

a flexible and highly cost-effective means to pursue impor-
tant new space-science opportunities covering a wide range
of objects and nearly every region of the electromagnetic
spectrum.

2. A far-ultraviolet spectrograph in space, to carry out a thorough
study of the 900-1200-A region of the spectrum, important
for studies of stellar evolution, the interstellar medium, and
planetary atmospheres.

3. A space VLB interferonretry anternra in low-Earth orbit, to extend
the powerful v[.BI technique into space in parallel with the
rapid completion of a ground-based VLS Array, in order to
provide more detailed radio maps of complex sources, greater
sky coverage, and higher time resolution than the Array can
provide alone.

4. The construction of optical/infrared telescopes in the 2-5-m class,
to observe transient phenomena, conduct long-term survey
and surveillance programs, provide crucially needed ground-
based support to space astronomy, and permit the devel-
opment of instrumentation under realistic observing con-
ditions. The Committee particularly encourages federal as-
sistance for those projects that will also receive significant
nonfederal funding for construction and operation.
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5. An Advanced Solar Observatory in space, to provide observations
of our Sun—the nearest star—simultaneously at optical, ex-
treme ultraviolet, gamma-ray, and x -ray wavelengths, to carry
out long-term studies of large-scale circulation, internal dy-
namics, high-energy transient phenomena, and corona) ev-
olution.

6. A series of cosmic-ray experiments in space, to promote the
study of solar and, stellar activity, the interstellar medium,
the origin of the elements, and violent solar and cosmic
processes,

7. An astronomical Search for Extraterrestrial Intelligence (SETT), SUP-
ported at a modest level, undertaken as a long-term effort
rather than as a short-term project, and open to the partic-
ipation of the general scientific community.

C. Small New Programs The program of highest priority is:
• An antenna approximately 10 m in diameter for submilli-

meter-wave observations, at an excellent: ground-based site.

Other programs of outstanding scientific merit, in which the order
of listing carries no implication or priority, are as follows:

• A spatial interferometer for observations of high angular res-
olution in the mid-infrared region of the spectrum;

• A program of high-precision optical astrometry; and
• A temporary program to maintain scientific expertise at U.S.

universities during the 1980 's through a series of competitive
awards to young astronomers.

Detailed discussion and justification of the New Programs appears
in Chapter 6.

Programs for Study and Development

Planning and development are often time-consuming, especially for
large projects. It is therefore important during the coming decade to
begin study and development of programs that appear to have ex-
ceptional promise for the 1990 's and beyond. Projects and study areas
recommended by the Committee in this category include the follow-
ing, in which the order of listing carries no implication of priority:

A. Future x-ray observatories in space;
B. Instruments for the detection of gravitational waves from as-

tronomical objects;

qi
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C. Long-duration spaceflights of infrared telescopes cooled to cry-
ogenic temperatures;

D. A very large telescope in space for optical, ultraviolet, and near-
infrared observations;

E. A program of advanced interferometry in the radio, infrared,
and optical spectral regions;

F. Advanced gamma-ray experiments; and
G. Astronomical observatories on the Moon.

Detailed discussion of the Programs for Study and Development
appears in Chapter 7,

ESTIMATED COST OF VIE RECOMMENDATIONS

In order to establish the overall scale of the recommended total
program, the Committee gives in Table 2.1 its own approximate
estimates of the requirements for new funding over the next 10
years in millions of 1980 dollars. Funds for projects to be sup-
ported by NASA represent research-and-development funds within
NASA's Office of Space Science and Applications (OSSA); funds for
projects to be supported by NSF represent total cost to NSF, Op-
erating costs are included for those facilities expected to become
operational in the 1980's.

The funding entries for the Prerequisites for New Research Initi-
atives represent augmentations to the present levels of support for
these activities within NsF and NASA. As }t is expected that the two
agencies will work together to coordinate support for the Prerequi-
sites, specific agency responsibility is not indicated in the following
table. However, since the Prerequisites provide support to space-
and ground-based research at comparable levels, the Committee an-
ticipates that the funding augmentations to be provided by NASA
and Nsr• will be roughly equal in magnitude.

In the cases of the New Programs, the division between space-
and ground-based projects is clear. Funds listed for the Explorer
program represent an augmentation to NASA's level-of-effort budget
for that program; the operations costs listed for ground-based proj-
ects, together with the temporary program to maintain scientific
expertise at U.S. universities, represent further augmentations to the
operations budget of NSF s Astronomy Division, Remaining New
Program costs represent new-funding requirements for either NASA
(new starts within osSA) or NSF (major construction within the As-
tronomy Division).

3f
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TABLE 2.1	 Requirements for New Funding

(Millions of
PREREQUISITES FOR NEW RESEARCH INITIATIVES 1980 Dollars)
A. Instrumentation and detectors (doubling of present $15

million/year level of effort by increments over 10 years) $ 75
B, Theory and data analysis (augmentation by $5 million/

year) 50
C. Computational facilities (30 minicomputer systems in-

stalled at a rate of 5 systems/year, including opera-
tions) 20

D. Laboratory astrophysics (augmentation by $2.5 million/
year) 25

E. Technical support at ground-based observatories, 	 in-
cluding 40 new support positions 20

DECADE TYPAL, PREREQUISITES $190

NEW PROGRAMS
A. Major New Programs	 In order of priority:

1. Advanced X-Ray Astrophysics Facility (AxAF) $500
2. Very-Long-Baseline (VLB) Array (including $15 mil-

lion for operations) 50
3. New Technology Telescope (Nrr) 100
4, Large Deployable Reflector in space 300

Decade Subtotal $950

B. Moderate New Programs 	 In rough order of priority:
L Augmentation to Explorer satellite program $200
2. Far-ultraviolet spectrograph in space 150
3. Space via interferometry antenna 60
4. Optical/infrared telescopes in the 2-5-m class 20
5. Advanced Solar Observatory in space 200
6. Cosmic-ray experiments 100
7. An	 astronomical	 Search	 for	 Extraterrestrial	 Intelli-

gence (sEri) 20
Decade Subtotal $750

C. Small New Programs	 Of highest priority:
• 10-m submillimeter-wave radio antenna (including $2

million for operations) $ 4
Other important programs:
• Spatial interferometer for the mid-infrared (including

$1 million for operations) 3
• High-precision optical astrometry program 3
• Temporary program to maintain scientific expertise at

U.S. universities 10
Decade Subtotal $ 20

DECADE TOTAL, NEW PROGRAMS $1,720

kite 	 _.......
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The cost estimates for AxAF and the vLB Array were derived with
the help of individual scientists participating in current studies and
are based on reasonably complete rough designs. The actual cost of
NTT, however, cannot be estimated until further studies indicate
which of several alternative conceptual designs will be most cost-
effective; the figure given in Table 2.1 is meant as a limit that the
Committee recommends should not be substantially exceeded. The
estimated cost of the Large Deployable Reflector in space is highly
uncertain because instrumentation of this type has not yet been
developed and launched. Most of the costs estimated for the Mod-
erate New Programs should be reasonable approximations, as they
are based on experience with previous instruments of a similar na-
ture. The costs given for the augmentation to the NASA Explorer
program and for SETI, however, should be regarded us target figures
for the level of effort the Committee finds appropriate.

The total cost in new funding estimated for the Prerequisites and
New Programs together is about $1.9 billion in 1980 dollars. By
comparison, the Greenstein report (1972) recommended new pro-
grams with an estimated cost of $844 million in 1970 dollars, or
approximately $1.7 billion in 1980 dollars, and most of those pro-
grams were in fact implemented. The program recommended here for the
1980's is thus roughly comparable in scale with that actually carried out
during the 1970's on the basis of the recommendations of the Greenstein
report.

The Committee wishes to emphasize, however, that the present
recommendations will require substantial increases in the budget of
the Astronomy Division of NSF, the agency primarily responsible for
the support of ground-based astronomy. If, as anticipated, NSF will
provide roughly half of the additional funds required for the Pre-
requisites for New Research Initiatives, an increase of about 30 per-
cent in the Astronomy Division's operations budget over the real
level of expenditures during the 1970's will be required for NSF to
carry out its share of the recommended program over the next dec-
ade. Funds needed by NSF for major construction over the next 10
years will also be substantially higher than those expended during
the 1970's, which saw the completion of only one major project, the
Very Large Array, at a cost of $78 million. The Astronomy Survey
Committee believes that these increases in the NSF budget for ground-based
astronomy are essential to maintain an effective partnership with space as-
tronomy during the 1980's.
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BACKGROUND AND OVERVIEW

The Greenstein Report
3r	 ,

The publicat;on of Astronomy and Astrophysics for the 1970's (the Green-
stein report) by the National Academy of Sciences in 1972 had a
powerful impact on the development of U.S. astronomy and astro-
physics during 1972-1982. The federal government on the whole
responded positively to its recommendations, with the result that
the facilities available to U.S. astronomers have enabled them to
remain at the frontiers of research, Here we review the responses 4
to the recommendations of that report and their impact on the prog-
ress of science.

Radio Astronomy and the VLA The highest-priority recommendation of f
the Greenstein report was the construction of a Very Large Array
(VLA) radio telescope, together with increased support for smaller
facilities. Funded by NSF, the VLA was constructed in stages during
the 1970's and was formally dedicated in 1980; by far the largest and
most complex ground-based astronomical facility established to date,
the VLA was completed on schedule and within budget. VLA studies
of radio sources are already having a large impact on both Galactic
and extragalactic astronomy (see, for example, the cover of this re-
port). a

The recommended increase in funding for smaller radio-astronom-
ical facilities did not materialize, however, nor has funding yet been
provided for a recommended millimeter-wave radio telescope, then
projected to have a diameter of 65 m and to be operable at wave-
lengths down to 3 mm. Since the publication of the Greenstein: i eport,
the study of interstellar molecules at millimeter wavelengths has
yielded insight into the process of star formation; as the science has
progressively moved to shorter wavelengths, there has now evolved
a need for a smaller, more precisely figured telescope of 25-m di-
ameter, still offering high sensitivity and spatial resolution but op-
erable at wavelengths down to 1 mm. The recommendation for a
large centimeter-wave antenna was not implemented, although ex-
isting facilities for observations at wavelengths longer than 1 cm have
been maintained and in some cases upgraded.

Optical Ground-Based Astronomy The second-priority recommendation a
was for a variety of steps to enhance the capability available to U.S. j
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optical astronomers. A key proposal was the development and con-
struction of a multiple-mirror telescope (MMT) with aperture equiv-
alent to that of a conventional telescope in the 3.8-5.0-m range; this
project was to be followed by the construction of a larger MMT, of
10-15-m aperture, if that proved feasible, or by a conventional tel-
escope of 5-m aperture if it did not. A 4.5-m MMT has in fact been
developed jointly by the Smithsonian Institution and the University
of Arizona, becoming operational in 1979. However, neither a larger
MMT nor a conventional 5-m telescope has been funded, with the
result that the largest instrument available to U.S. optical astrono-
mers is still the 5-m Hale telescope on Mt. Palomar, which went into
operation 35 years ago. As a result, optical spectroscopy of the faint-
est galaxies and quasars discovered by radio and x-ray astronomers
has not kept pace with new discoveries, even though these extremely
distant objects are of great interest because of their bearing on the
nature of cosmic evolutionary processes early in the history of the
Universe.

The recommendation also called for equipping existing telescopes
with advanced electronic detectors and controls. Although major
progress was made in the development of such devices during the
1970's, they have so far been provided to only a few major observ-
atories. The capability of instruments now available for use on most
of the nation's optical telescopes still lags far behind state-of-the-art
technology.

The Greenstein report furthermore recommended that three tele-
scopes in the 2.5-m class be constructed for a_variety of purposes.
As none of these has been funded, all the nation's major optical
telescopes are heavily oversubscribed.

Infrared Astronomy The third-priority recommendation called for an
across-the-board increase in support for infrared astronomy, which
at that time was beginning to demonstrate its great importance.
Support has increased substantially, through the funding of two
major ground-based infrared telescopes (the 2.3-m University of Wy-
oming Infrared Observatory reflector and the 3-m Infrared Telescope
Facility operated by NASA on Mauna Kea), the Kuiper Airborne Ob-
servatory program, and a balloon program. An international Infrared
Astronomy Satellite (IRAs), scheduled for launch in 1982, will carry
out a comprehensive, far-infrared survey of the sky, as called for in
the Greenstein report.

X-Ray and Gamma-Ray Astronomy A series of four High Energy As-
tronomical Observatories (HEAO's) was the fourth-priority recom-
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mendation. In 1973, however, the entire HEAD program was re-
structured to reduce costs, and only three HEAO's were actually flown.
Although it had considerably smaller capability than originally planned,
the Einstein (HEAo-2) Observatory obtained detailed images of cosmic
x-ray sources for the first time, with dramatic implications for a broad
range of astronomical research.

In gamma-ray astronomy, an important survey was carried out by
the Small Astronomical Satellite-B, and further results were obtained
by HEAD-3, as well as by balloons and rockets. The most sensitive
gamma-ray survey of the sky to date has been carried out by the
European Space Agency's cos-B satellite.

Other Programs The Greenstein report recommended five other pro-
grams, in addition to the four primary recommendations and the
two additional radio telescopes mentioned above. A recommended
increase in support for aircraft, balloons, and rockets did not occur.
The Orbiting Solar Observatory program was not continued as rec-
ommended; however, major programs of solar observations were
carried out on the Apollo Telescope Mount as part of the manned
Skylab program and on the Solar Maximum Mission spacecraft, which
carried instruments designed principally for the study of solar flares.
Both programs provided important insights into the physical pro-
cesses that occur in the solar atmosphere. Theoretical and laboratory
astrophysics did not receive the recommended substantial increase,
although summer institutes in theoretical astrophyics of the type
suggested in the Greenstein report have been implemented at several
locations at very low cost and with excellent results. The recom-
mended new facilities for astrometry were not funded.

Recommendation 9 of the Greenstein report called for an expanded
program of optical space astronomy, leading to the launch of a 3.0-
m, diffraction-limited Large Space Telescope in the early 1980's. NASA
chose instead to develop a somewhat smaller 2.4-m Space Telescope
(ST) for launch in 1985 and, in the interim, to extend the lifetime of
the OAo-3 (Copernicus) satellite through the 1970's and to launch the
International Ultraviolet Explorer (IUE) in 1978. The high-resolution
imaging proposed in Recommendation 9 remains to be realized with
ST, although important ultraviolet data are currently being obtained
with WE.

Perspective on the Present Survey

The internal advisory committees of NSF and NASA—including NSF's
Astronomy Advisory Committee and NASA's Space Science Advisory
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Committee—provide effective channels of communication with the
scientific community, and they therefore play a significant role in
the year-to-year funding decisions faced by these agencies. In ad-
dition, since the publication of the Greenstein report, the extent of
guidance to NASA on long-range planning for space astronomy has
been expanded through the activities of the National Research Coun-
cil's (NRC) Space Science Board (SSB), particularly through the sci-
entific strategies recommended by ssa's Committee on Space As-
tronomy and Astrophysics (CSAA) and Committee on Solar and Space
Physics (CSSP). The recommendations of these bodies have increas-
ingly helped to shape the course of U.S. space astronomy. Their
most recent reports, to which reference will be made below, are the
CSAA document, A Strategy for Space Astronorny and Astrophysics for the
1980's (National Academy of Science, Washington, D.C., 1979), and
the CssP document, Solar-System Space Physics in the 1980'x; A Research
Strategy (National Academy of Sciences, Washington, D.C., 1980).

It is therefore not appropriate for a "decade review" such as the
Astronomy Survey to prescribe rigidly all agency funding decisions
for the next decade. To do so would be to ignore, on the one hand,
the guidance available to NSF and NASA from their own internal
advisory bodies, particularly in reaction to year-by-year changes in
scientific opportunities or in the funding climate; and, on the other,
the guidance for space-science strategy already available (and in some
cases already in the course of implementation) from the National
Academy of Sciences.

The present Committee concluded that it could best help to ad-
vance astronomical research by focusing its attention on a coordi-
nated program of ground- and space-based astronomy that would
respond to long-run scientific opportunities. With this in mind, the
Committee has limited its recommendations to programs originally
proposed for funding in fiscal year 1983 or later, taking account of
the earliest time that the publication of the present report could
influence the budgets of federal agencies. Projects that were, at the
beginning of the survey in 1979, candidates for implementation in
fiscal year 1982 or earlier were therefore not considered for inclusion
in the Committee's recommendations. A number of important ap-
proved and continuing programs are also not explicitly recommended
by the Committee, although they form the programmatic base from
which the present recommendations proceed. The present status of
such projects and programs is as follows:

• Space Telescope (sT) and the Space Telescope Science Institute
(sTSCI). Recommended in the Greenstein report, ST is now under
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development and is scheduled for launch in 1985. As recommended 	 i
in the Space Science Board study, Institutional Arrangements for the
Space Telescope (National Academy of Sciences, Washington, D.C.,
1976), NASA has established sTsci to direct the s'r scientific programs
and to support ST users.

• Second-generation instrumentation for s'r. In its 1979 report,
CSAA recommended that ST focal-plane instruments be periodically 	 r
upgraded in order to fulfill the great scientific potential of ST.

• The Gamma Ray Observatory. The 1979 CSAA report listed this
facility as one of the five major space-astronomy missions of highest 	 1
priority for the 1980's. The Gamma Ray Observatory is now an ap-
proved NASA program and is projected for launch in 1987-1988.

• NASA level-of-effort observational programs, including balloons,
aircraft, and sounding rockets, together with the Explorer and
Spacelab programs. Strong support for each of these programs was
recommended by CSAA in its 1979 report, and other NRC committees
have also recommended support for one or more component pro-
grams within this group.

• The Shuttle Infrared Telescope Facility (SIRTF) and the Solar Op-
tical Telescope (SOT) for Spacelab. The 1979 CSAA report recom-
mended these projects as the first two major astrophysics facilities
for Spacelab; the 1980 cssF report also supported SOT as a fe+ 7ility of
high importance for solar physics. SOT, now under development
within the Spacelab program, is projected for launch in 1987-1988,
while S1RTF is under study by NASA.

Facilities for the detection of neutrinos from the solar interior.
An experiment described in the Greenstein report, employing chlo-
rine detectors at underground sites, can now be supplemented by
investigations employing alternative detector materials, particularly
gallium.

Federal grants in support of basic astronomical research at U.S.
universities. Such funds, provided primarily through NASA's Re-
search and Analysis program and the grants program of NSF's As-
tronomy Division, are vital to the health of U.S. astronomy.

• Programs at the National Astronomy Centers. Adequate support
of these programs will permit the Centers to continue to provide an
extensive range of observational facilities to a wide and diverse user
community.

• The 25-Meter Millimeter-Wave Radio Telescope. Recommended
in an earlier form in the Greenstein report but not yet funded, this
facility has been proposed for the past 4 years as the new program
of highest priority in the NsF Astronomy Division's long-range plan.
Chapter 4 presents a detailed discussion of the importance of these

"Y
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approved,continuing, and previously recommended programs to
the health of U.S. astronomy during the 1980's,

Assign ►nent of Priorities to Research Needs

There is a subtle interplay between science and t ._-hnology in the
pursuit of astronomical research. In more mature areas, such as
optical astronomy, the addressing of specific scientific questions re-
quires enhanced instrumental capability. In less mature fields, such
as gamma-ray astronomy, instruments made possible for the first
time by new technology will open up new fields of knowledge, even
though the questions we can now ask are less specific. The Com-
mittee considered both the scientific questions and the emergence
of new technological capabilities as part of the process of assigning
priorities.

Chapter 3, "Frontiers of Astrophysics," is based on the findings
of the Working Croups, which were asked to review the scientific
opportunities in a number of subfields of astronomy. With this ma-
terial as background, the Committee considered recommendations
that had come to it from the Panels, which had been asked to review
possibilities for new programs and facilities for the 1980's. The Com-
mittee considered the contributions that each proposed program could
make in response to the scientific opportunities identified. The final
priorities reflect primarily the scientific importance of each program,
which is discussed in Chapter 5 (in the case of the Prerequisites for
the New Research Initiatives) or in Chapter 6 (in the case of New
Programs). In addition, however, the Committee took into account
the technological readiness of each program, its ability to complement
other programs (either present, planned, or recommended in this
report), and its cost. The recommendations identify those activities
and facilities that the Committee believes will yield the maximum
scientific return for the resources invested.

The Committee identified a number of Prerequisites for New Re-
search Initiatives, components of the general astronomical research
enterprise that are essential to the success of major programs but
that are inexpensive in comparison. Each of the Prerequisites should
receive a substantial augmentation of funding.

The proposed New Programs vary widely in cost. As it is difficult
to compare projects of widely differing costs, the Committee grouped
the New Programs into three categories—major, moderate, and small,
depending on the fraction of agency resources estimated to be re-
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quired—and compared projects only with others in the same Cate-
gory.

Assignment of priorities to the four major new programs required
?(intensive discussion, which resulted in unanimous agreement. De-

spite its relatively high cost, an instrument having the capability of
the Advanced X-Ray Astrophysics Facility (AxAF) is the highest prior-
ity for the 1980's. With the results furnished by the Einstein (HERO-2)
Observatory, x-ray astronomy became a vital part of astronomical
research across a broad front. AxAF will provide astronomers with *'
the capability to carry out a new generation of x-ray observations for
a decade or more into the future, complementing the powerful ca-
pability of ST in the optical-ultraviolet region and the capability of
the VLA and the vES Array in the radio region.

Both the vEa Array (priority 2) and the New Technology Telescope
(NTT, priority 3) are extremely important ground-based facilities, but
for different reasons. The vEE Array will be able to make observations
with extraordinarily high angular resolution of the enigmatic central
regions of quasars and will make it possible to determine the size of
our Galaxy by entirely new methods. Nn, on the other hand, will
make measurements of a more conventional type in the optical-
infrared region but with a major advance in speed and penetrating
power by comparison with telescopes now available. There is a press-
ing need to pursue the implications of data from other wavelength
regions, such as radio and x-ray observations, with optical and in-
frared spectra of planets, stars, galaxies, and quasars. With double
the collecting area now provided by all 20 of the largest telescopes
in the world, NTT will greatly accelerate such work and will also
make it possible to study spectra of objects whose great distance has
so far made it impossible to do so.

In the view of the Committee, the construction of the via Array
and NTT are both of high priority. It will be necessary to complete
further, extensive design studies before NTT is initiated, however,
whereas the via Array utilizes proven technology. For this reason it
is recommended that the construction of the Array proceed imme-
diately on completion of the overall Array design, while the con-
struction of NTT should begin as soon as the more substantial design
and cost-estimate studies required for this facility have been com-
pleted.

The Committee believes that a Large Deployable Reflector (LDa)

in space would provide a powerful new capability for sensitive spec-
troscopy and accurate imaging at wavelengths between the far-in-
frared and millimeter regions of the electromagnetic spectrum. The
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LDR represents the culmination of a coherent, evolutionary program
of infrared astronomy proceeding from the capabilities of the IRAs
Explorer satellite, the Shuttle Infrared Telescope Facility, and NTT.
The priority assigned by the Committee (number 4) reflects the fact
that the tech, ilogy to build such a facility in space is not yet mature;
however, it could become so in the second half of the 1980's,

The major new programs taken as a whole—together with the
completed vI A, CT (to be launched in 1985), and Gamma Ray Ob-
servatory (projected for launch in 1987-1988)—will permit impressive
advances to be recorded in astronomical capability across the entire
electromagnetic spectrum, from gamma rays to radio waves, includ-
ing x-ray, ultraviolet, optical, infrared, and submillimeter radiation.
The capability to observe individual objects at various wavelengths
greatly increases the scientific value of the data obtained.

The recommended moderate new programs address a variety of
opportunities in astronomy. One of them, an astronomical Search
for Extraterrestrial Intelligence (sETI), was given special consideration
by the Committee following the presentation of the report of the
Working Group requested to study the possibilities in this area. While
the Committee recognized that this endeavor has a character different
from that normally associated with astronomical research, intelligent
organisms are as much a part of the Universe as stars and galaxies;
investigating whether some of the electromagnetic radiation now
arriving at Earth was generated by intelligent beings in space may
thus be considered a legitimate part of astronomy. Moreover, the
techniques that can now be most effectively brought to bear on a
SETT program for the 1980's are those of astronomy. In considering
implementation of the moderate programs, the Committee did not
believe it necessary to assign priorities as precisely as it did for the
major projects.

The four small new programs recommended were selected from a
much larger list of small-scale projects that came to the attention of
the Committee. Although there is no implication that other programs
of this scale should not also receive serious consideration, the Com-
mittee believes that the programs listed are particularly noteworthy.
In connection with the last of these—a temporary program to main-
tain scientific expertise at U.S. universities—the Committee benefited
from the report of the National Research Council's Commission on
Human Resources (Research Excellence Through the Year 2000, National
Academy of Sciences, Washington, D.C., 1979), which recommends
a more broadly based program of support to young faculty members
engaged in scientific research generally. While sympathetic to the
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Commission's findings, the Committee believed it more appropriate
in the present context to recommend a program restricted to astro-
nomical research activity, to be funded by the Astronomy Division
Of NSF.

Decisions as to whether to pursue large, medium, or small-scale
projects within a given time frame should be made on the basis of
current availability of funds, in consultation with the appropriate
advisory committees. At the same time, it is recognized that the
available funding may not reach the level requested, in which case
some modifications may be required. It is recommended that any
required stretch-outs or changes in priorities be carried out in such
a way as to maximize the scientific return of the overall program.
This requires a careful assessment of various factors, including the
personnel available in the relevant subdisciplines of astronomy, the
balance of effort among subdisciplines, and the need for comple-
mentary observations from different wavelength regions and of dif-
ferent targets. Such assessments are best carried out by the appro-
priate advisory committees on a continuing basis.

SUPPLEMENTARY TABULATION OF PROGRAM CHARACTERISTICS

Table 2.2 presents the status, specifications, and scientific objec-
tives of a selection of the programs discussed earlier in this
chapter. It should be emphasized that this listing is intended to
supplement such discussions, rather than to provide summaries
of all of them. Such a listing will facilitate comparisons among
most of the major programs discussed earlier.
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LARGE-SCALE STRUCTURE IN THE UNIVERSE

Probes of Large-Scale Structure

As seen on photographs taken with the largest telescopes, galaxies
appear to drift in the depths of space like motes in a sunbeam.
Everywhere they are clumped in groups containing a few galaxies,
and occasionally in clusters of a thousand or more. Some clusters
clump in superclusters 50 megaparsecs or more across. On even
larger size scales, however, groups and clusters of galaxies seem to
be distributed nearly at random, the number in a given volume of
space being about the same throughout the Universe.

This uniformity of the distribution of matter on very large scales
invites comparison between the observations and a simple model of
the Universe, or cosmology, derived for a uniform distribution of
matter from Einstein's General Theory of Relativity. According to
this model, the geometry of space-time is curved by matter, and the
curvature forces the matter to move: at any epoch the Universe must
be ether expanding or contracting. Hubble's discovery in 1929 that
the Universe is actually expanding forces us to confront a bizarre
implication of the theory: that an expanding Universe must have
originated in a powerful explosion—referred to as the big bang—
before which neither time nor space had any meaning.

In the half-century since Hubble's momentous discovery, astron-
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omers have been probing the Universe in space and in time. Using
radio and optical telescopes, they have found objects so distant that
they are receding from us at 90 percent of the speed of light. With
microwave antennas, they have discovered a faint radio noise that
they interpret as the remnant of the big bang itself. From the theory
of the nuclear reactions that must have taken place during the first	 n
3 minutes, they have calculated the abundances of key elements and
isotopes such as hydrogen, deuterium, and helium, which were
produced in the big bang; with ground-based telescopes and ultra-	 1'

violet spectrographs in Earth orbit they have verified that the actual.
relative numbers of these atoms in space agree surprisingly well with 	 fi,

theoretical predictions.	 j
The big bang has become the standard model with which to com-

pare observations. This is not to say that it is completely correct: the
data are imprecise; their interpretation may be in error; and the
theory could be wrong. A central problem for the future is the further
development of the big-bang model and its testing against all avail-	 i
able observations.

The big-bang model requires that matter is distributed uniformly
on large scales. By using a variety of approaches, it is now possible
to test whether this is true. Observers have used apparent magni-
tudes as a rough measure of the distances of galaxies; plotting the
directions of galaxies in various distance ranges, they have found
that on scales exceeding 100 megaparsecs, galaxies are distributed
rather uniformly. One can obtain the precise location of each galaxy 	 E

in three dimensions by determining its red shift spectroscopically.
Recording the spectrum photographically is time consuming, but the
recent development of electronic array detectors has speeded up the
recording of spectra so greatly that red-shift surveys of thousands
of galaxies are now possible. The resulting three-dimensional distri-
bution appears to be uniform on the largest scales. It is anticipated
that red-shift surveys of much more distant galaxies will be com-
pleted during the 1980's.

X-ray and gamma-ray astronomy also tell us about the large-scale
distribution of matter. A diffuse background emission not attributable
to known sources appears in both spectral regions; its near isotropy
proves that it cannot originate within the Galaxy but must instead
originate at distances comparable with the size of the Universe itself.
The High-Energy Astronomical Observatory-1 (HERO-1) x-ray ob-
servatory established that the x-ray background is highly isotropic
and that its spectrum between a few and about 60 kiloelectron volts
(keV) agrees closely with the radiation expected from a gas having

t 	
_
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a temperature of about 500 million degrees, leading to the suggestion
that such gas is distributed uniformly between the galaxies. The
Einstein (HEAD-2) x-ray observatory, on the other hand, discovered
that individual quasars at large distances are powerful x-ray sources
in the few-keV range—powerful enough, in fact, that quasars at even
larger distances than can be detected individually by the Einstein x-
ray observatory must account for a substantial fraction of the ob-
served x-ray background in the few-keV range. As some quasars
have also been found to be powerful gamma-ray sources, the gamma-
ray background may also be due to quasars. It is still not clear,
however, how quasar spectra would sum up so as to mimic the
spectrum of hot gas. The Advanced X-Ray Astrophysics Facility (AxAF)

recommended in this report can observe sources 100 times fainter
than could the Einstein x-ray observatory and can thus determine
whether faint quasars account for the observed background at ener-
gies of a few keV. Measurements of faint quasars by the Gamma
Ray Observatory (Gtto) will give similar information for the back-
ground at gamma-ray energies. If it proves that the x-ray and/or
gamma-ray backgrounds are actually due to quasars, the fact that
the background is highly isotropic requires that matter at great dis-
tances is distributed very uniformly. If, on the other hand, inter-
galactic gas is responsible for at least part of the x-ray background,
one can infer that it is distributed uniformly; moreover, the amount
of gas required is an important datum for the theory of evolution of
galaxies.

The cosmic microwave background radiation also gives information
about the large-scale structure of the Universe. Precise measurements
have revealed a smooth variation in its intensity over the sky that
is attributable to the Earth's motion through the cosmos. The ob-
served variation is unexpectedly large, corresponding to a velocity
of 500 km/sec for the Local Group of galaxies with respect to distant
matter. The same measurements reveal no other certain variations
larger than 0.03 percent, indica t ing that the Universe was highly
uniform at the time the background radiation last interacted with
matter. Ground-based experiments indicate that the spectrum of the
microwave background radiation does not deviate significantly from
thermal, as predicted by the big-bang model, but a balloonborne
submillimeter experiment points to discrepancies that are difficult to
explain. Both variations in intensity with direction and deviations
from a thermal spectrum will be measured over the entire spectral
range with improved precision (about 0.01 percent) by the Cosmic
Background Explorer (coBE) mission planned by NASA.

1
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Expansion Tinre Scale

The big-bang model predicts that galaxies should move away from
each other with velocities that are proportional to their separations.
Slipher and Hubble found evidence for such a relationship in exten-
sive measurements of the brightnesses and red shifts of galaxies
during the 1920's; the constant of proportionality between a galaxy's
velocity and its distance is called the Hubble constant. According to
relativistic models, the reciprocal of the Hubble constant (the "Hub-
ble time") is roughly equal to the present age of the Universe—that
is, the time that has elapsed since the big bang.

Determining the value of the Hubble time requires the measure-
ment of the distances of remote galaxies, using a "ladder" of inter-
connected distance scales determined by different methods; each step
of the ladder reaches further into space. Hubble's own estimate for
it was 2 billion years. It has since been revised several times—to 5,
then to 10, and then to 20 billion years; the latest estimates are
between 10 billion and 20 billion years. Each revision has been the
result of a major advance in understanding the properties of stars
or galaxies that are used to construct the ladder of distance scales.

The value of the Hubble time enters all cosmological calculations
in a fundamental way. To find its true value, each step of the ladder
of distance scales must be secure, and any contributions to the ve-
locities of galaxies that are not due to the expansion of the Universe
must be taken into account. An example of the latter effect is the
motion of the Local Group of galaxies revealed by study of the cosmic
background radiation; when this is taken into account, a more con-
sistent set of data for the Hubble time emerges.

Refinement of the distance ladder will take much more work.
Development of more precise astrometric methods, as recommended
in this report, will make possible a more accurate measurement of
the distance to the Hyades star cluster, the first step in the ladder
of cosmic distance scales. Because of its extremely faint limiting mag-
nitude, Space Telescope (ST) will for the first time resolve Cepheid
variable stars in the Virgo cluster, thereby eliminating an uncertain
intermediate step of the distance ladder. The continued deployment
of advanced optical detectors at ground-based telescopes will make
possible the rapid measurement of red shifts of galaxies at moderately
large distances, where the velocity field should be one of nearly pure
expansion; ST can determine the distances of the same galaxies by
comparing the brightness of their globular clusters with the bright-
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ness of those in the galaxies of the Virgo cluster, whose distances
are known accurately.

;l
The Early Universe

The cosmic microwave background radiation carries information about
the Universe before it was about 1/100,000 of its present age, so the

	

CORE experiment is fundamental to studies of the early Universe.	 r
Other clues depend on the nucleosynthesis of various elements and
isotopes in the first 3 minutes. Theoretical predictions of their abun-

	

dances depend critically on the amount of ordinary rn, atter present	 }
during that period. If the amount is low, the resulting deuterium
abundance would be high and the helium abundance low; if the
emount is high, the opposite would be the case. Present information
on: the abundance of deuterium and helium in interstellar space in
our Galaxy, taken at face value, indicates that the amount of matter
is too low by a factor of 10 for its gravitation to be able to halt the
expansion of the Universe.

	

However, helium has been produced and deuterium has been	 I,
destroyed in stars, so present abundances in the Galaxy may not be
they same as in the primordial gas that emerged from the big bang.
Abundances in intergalactic gas, if it exists, should be primordial.
Astronomers have discovered absorption-line systems *, n distant
quasars that probably originate either in clouds formed by the out-
ward ejection of thick shells of gas from the quasar itself or in in-
tergalactic clouds lying along the line of sight. In the first case, the
phenomenon would resemble the late stages occurring in the stellar
outbursts known as novae. In the second case, the clouds should
contain very little carbon or other medium-weight elements, which
are telltaie signs of stellar nucleosynthesis, because such gas would
never have been inside a galaxy. The gas in such clouds would be
a good candidate for the study of primordial helium and deuterium.
Observations of helium and deuterium in such gas, however, must
be made at much shorter wavelengths than are accessible to ground-
based observatories; they require sT. With ST we can study helium
lines in clouds of red shift greater than unity and deuterium lines
in clouds of all but very low red shifts.

Groups, Clusters, and Superclusters

The grouping of galaxies on various size scales can be studied by
calculating the statistical correlations between the observed positions

a
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of galaxies. In earlier studies, the apparent magnitudes of galaxies
were taken as measures of their distances, and their positions then

j follow from their observed directions in the sky. The calculated
correlations between the positions derived in this way decrease
as an inverse power of the distances between pairs of galaxies.
A simple model to explain this is based on gravitational clustering
of point masses, which are initially distributed at random but
which then move under their mutual gravitation as the Universe
expands. This model reproduces many of the features of the ob-
served clustering of galaxies, so that galaxies may have formed
early in the expansion of the Universe and clumped together later
by gravitation.

Recent observational work, however, has brought out an un-
expected new feature in the distribution of galaxies. Aided by red-
shift measurements, which furnish the distances of galaxies much
more accurately than estimates based on their apparent magni-
tudes, astronomers have found that groups of galaxies outside of
clusters are not sprinkled at random through space but instead
lie in great sheets between the clusters, leaving vast empty re-
gions between. To explain this may require a new theoretical
model, in which galaxies formed rather late. At first, giant tur-
bulent cells of gas collided, compressing the gas into sheets; only
after the sheets formed did the galaxies condense from them and
then begin to clump together as in the earlier model.

Two kinds of data are required if we are to understand the
formation and clumping of galaxies. First, red-shift surveys em-
bracing a large number of galaxies are needed. For the nearer 	 I

galaxies, it is feasible to obtain red shifts with currently avail-
able telescopes of moderate size, equipped with array detectors
and fast spectrographs. To penetrate more deeply into space,
however, large telescopes will be needed. Telescopes of the 5-m
class will make important contributions, but only a new tele-
scope of the 15-m class, such as the New Technology Telescope
(NTT), can measure the red shifts of galaxies at large distances
rapidly enough to accumulate the required number of galaxies.
The raw speed of NTT, made possible by its order-of-magnitude
increase in collecting area over the previous largest telescopes, is
critical for this project.

Hidden Mass and the Fate of the Universe

For the past 20 years, astronomers have been increasingly puzzled
by the "hidden mass" problem: the matter that constitutes most of
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the mass of the Universe is invisible. The spectra of galaxies indicate
that, like our own Milky Way Galaxy, they contain normal stars;
however, the internal motions in galaxies are so large that they would
fly apart if the only gravitational attraction holding them together
were that of the stars we see, There must be additional mass present
in some form that is hidden from our immediate view—enough-to
supply the gravitational attaction required for stability. The rotational
velocities observed in spiral galaxies demonstrate that the amount
of hidden mass inside a given radius increases approximately linearly
with radius out to distances of nearly 100 kiloparsecs. Similar results
emerge from studies of groups of two or more galaxies: their masses
must be at least 10 times greater than the masses of all the visible
stars in them.

Solution of th,! hidden-mass puzzle is a major goal of astronomy
in the decade ahead. The first task is to find how it is distributed.
The velocities of globular clusters in the outer reaches of galaxies
reflect the strength of the local gravitational field and hence the
distribution of mass in the parent galaxy. Since globular clusters in
even relatively nearby galaxies are extremely faint, spectroscopic
measurements of their velocities can be made only with a telescope
as large as NTT. Galaxies themselves can serve as probes of the
distribution of mass in clusters and superclusters of galaxies. Since
galaxies are much brighter than globular clusters, work on clusters
of galaxies is already proceeding with intermediate-sized telescopes.
However, measurements of velocities of galaxies in distant clusters
are essential to determine how the distribution of mass has changed
with time; this will require observations with N'ri'.

Various possibilities have been suggested to account for hidden
mass: diffuse gas, massive neutrinos, collapsed stars (white dwarfs,
neutron stars, black holes), and faint red dwarfs.

Diffuse gas can be ruled out as a dominant component of either
galaxies or clusters of galaxies through radio, optical, and x-ray ob-
servations; although 100-million-degree gas exists in clusters of gal-
axies, the amounts are not sufficient to hold the clusters together.
Massive neutrinos, if they exist, might fall into clusters of galaxies,
and possibly even into galaxies themselves, thus contributing to the
hidden mass.

Collapsed stars of various types could in principle constitute much
of the hidden mass; however, such stars are the descendents of
massive main-sequence stars and so would dominate the total mass
only if, at early epochs of star formation, massive stars dominated
the total mass of main-sequence stars. Just the contrary is observed
to be the case for star formation in our Galaxy near the Sun: faint
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red dwarfs, which are of low mass, are so numerous that they ac-
count for most of the mass bound up in stars. One could speculate
that there were many more massive stars in the outer parts of galaxies
during the early stages of galaxy evolution, so that large numbers
of collapsed stars would exist there today. However, if that were so,
one would expect a higher concentration of heavy elements in the
outer parts of the galaxies, since massive stars synthesize heavy
elements and eject them into the interstellar medium; this is contrary
to observation.

Faint red dwarfs could also account for the hidden mass, as large
numbers of them in the outer parts of galaxies would be consistent
with both the lower concentrations of heavy elements and the lower
light levels observed there, It may just prove possible to test this
h3-pothesis by using the recent discovery that red dwarfs are rela-
tively luminous sources of coronal x rays. AxAF will be able to detect
such red dwarfs by observing their integrated coronal x-ray emission
if they are numerous enough.

The hidden-mass problem is intimately connected with the ques-
tion of the ultimate fate of the Universe. According to the big-bang
model, the Universe will continue to expand forever if the amount
of matter in it is less than a critical value calculated to be between
0.5 x 10-29 and 2 x 10-29 g in each cubic centimeter. If the amount
of matter exceeds the critical value, the present expansion will reverse
at some time in the distant future, and the Universe will collapse
back into a singular state similar to the big bang. The observations
of deuterium and helium discussed earlier suggest that the amount
of ordinary matter is only 10 percent of the critical value, so that
only massive neutrinos could raise it above the critical value. A lower
limit on the total amount of mass in all forms is obtained from the
masses of clumps in the distribution of galaxies; current estimates
suggest that the aggregate amount of matter in such clumps may be
as much as 40 percent of the critical value. Since this is larger than
the upper limit on the amount of ordinary matter obtained from
observations of helium and deuterium, massive neutrinos may con-
ceivably account for most of the matter in the Universe. Massive
neutrinos are discussed further in the last section of this chapter.

EVOLUTION OF GALAXIES

The Study of Galaxies

Like the Galaxy in which we live, the 100 billion or more galaxies in
the visible Universe are fascinating systems in their own right. As
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the nuclear and gravitational energy stored in them is released, it is
likely that galaxies evolve toward objects evermore structured and
compact.

Among the variety of forms that galaxies take, Hubble discerned
several recurrent patterns—spirals, ellipticals, lenticulars, and irreg-
ulars; these patterns have still not been completely explained theo-
retically. Ellipticals and lenticulars are nearly devoid of interstellar
gas and dust, while spirals and irregulars contain gas and dust, as
well as young stars formed recently from them. Until recently, the
gas and dust in spiral galaxies other than our own could be studied
with high angular resolution only at optical wavelengths, by imaging
the dark interstellar dust clouds and the luminous gas clouds heated
by bright young stars. Now the Very Large Array (VLA) radio tele-
scope can image galaxies both in the 21-cm line produced by inter-
stellar atomic hydrogen and in the synchrotron radiation produced
by relativistic electrons gyrating in interstellar magnetic fields; it can
thus trace the distribution and state of the interstellar medium with
angular resolution comparable with that of optical telescopes.

As in all fields of astronomy, spectroscopy is the key to deeper
understanding. Ground-based optical spectroscopy of galaxies dem-
onstrates that a major component of most galaxies is stars of various
masses and ages, like those in our Galaxy. However, present ground-
based telescopes are hard pressed to obtain the spectra of extremely
faint subsystems of galaxies, such as individual giant stars, regions
of ionized gas, and globular clusters; they are toe small topermit
collection of photons at a sufficiently high rate. NTT, with its order-
of-magnitude increase in collecting area, can obtain the spectra of
such objects, thus making possible a whole new range of studies
related to chemical composition, distribution of stellar masses, and
rotational and random velocities within galaxies. For a galaxy of a
given red shift, NTT will make possible studies with much higher
spectral resolution; for the same spectral resolution, it can carry out
studies on galaxies of much higher red shift. The latter capability is
crucial for analysis of objects of large red shift that will be discovered.
by ST.

One of the most striking capabilities of the new instruments rec-
ommended for the 1980's is the systematic exploration of thede-
pendence of various galactic properties on red shift at greater and
greater cosmological distances. Big-bang models of the Universe pre-
dict such a dependence because the evolution of galaxies with time
translates into changes with lookback time, and hence with red shift.

A	 :11 L. 	 f h r.	 b	 hsT an TT wi e a e or t e ust Lime too serve galaxies wit redN 

shifts substantially exceeding unity, corresponding to lookback times
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that are more than half of the Hubble time. S'r can image such distant
objects because the sharpness of its images makes them send out
against the background, and NTT can obtain their spectra because it
has a much larger collecting area than present large telescopes. If
the matter comprising the inner parts of galaxies has already settled
into an equilibrium state within considerably less- than a billion years
after the big bang, the forms of galaxies would not depend sensitively
on red shift out to red shifts of 10 or so. However, the evolution of
stars and the conversion of interstellar gas into stars proceeds much
more slowly and should be observable at much lower red shifts. The
spectra of 'isolated elliptical galaxies should manifest subtle changes	 ?
that reflect the evolution of the stars that they contain, while isolated
spiral galaxies should in addition manifest the progressive depletion
of interstellar matter, as well as its enrichment in heavy elements
produced by supernova explosions. A major indirect effect will be
the reduction in the number of short-lived massive stars as the gas
required to form them is depleted. Failure to observe such basic
predictions of big-bang theory would force major revisions in current	 i
thinking.

Formation of Galaxies

The first relativistic models of the big-bang Universe were derived
by Friedmann in 1922.. 	 For simplicity, he assumed that matter is 	 F
distributed absolutely uniformly. Although this assumption conflicts 	 t
with the existence of stars and galaxies, the model is useful because	 t
matter is in fact distributed quite uniformly when averaged over
large distances. Still, the origin of galaxies in a big-bang model is an
unresolved problem.

Many properties of galaxies can be explained at least qualitatively
if it is assumed that they originated in small fluctuations in the
amount of local matter in the early Universe. At that time, the be-
havior of matter was governed by the pressure exerted by the cosmic
background radiation. Two types of density fluctuations could have
existed. One type, so-called isothermal fluctuations, would have led
to gravitationally unstably clumps of matter if they had involved
more than 105 to 106 solar masses; another type, adiabatic fluctua-
tions, would have led to gravitationally unstable clumps if they had
involved more than 10 13 to 10 11 solar masses. In both cases, instability
would have set in about 100,000 years after the big bang, and as a
result, the matter in the fluctuations would soon cease to participate

6	 in the cosmic expansion, would then become more dense as self-
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gravitation drew the gas together, and would ultimately form discrete
gas clouds of various masses.

The Cosmic Background Explorer (coos) satellite will yield impor-
tant information on the proposed instability process by observing
the disturbances in the background radiation that would accompany
any density fluctuations in the early Universe. Adiabatic fluctuations,
which involve variations in temperature and hence in the ,intensity
of the cosmic background radiation, would result in intensity vari-
ations on angular scales of a few degrees if the masses involved in
the fluctuations are about those of clusters of galaxies. Complemen-
tary information about fluctuations on the smaller angular scales
corresponding to individual galaxies (less than a degree) will be
obtained by the Large Deployable Reflector (Loit) in space, The theory

{	 of adiabatic fluctuations has been worked out in detail for the case
f in which there is a random collection of initial fluctuations of various

sizes and masses. Fluctuations involving 10 13 to 10 14 solar masses,
usually identified with groups and clusters of galaxies, should form
clouds first; the formation of galaxies would have taken place later
within these clusters and groups. Clusters and superciusters con-
taining more than 10 13 to 10 14 solar masses must have formed through
later gravitational clustering of the original mass aggregations of this
size.

Alternatively, isothermal fluctuations may have dominated the in-
itial stages of galaxy formation. In this case, the first objects to form
must have had masses from 10 5 to 101, solar masses, and galaxies
must have been built up later by gravitational clustering of these
smaller objects. The fact that globular clusters containing 105 to 10'
solar masses are so common would be a natural result of isothermal
fluctuations, If galaxies formed out of objects having 10 5 to 106 solar
masses, then groups and clusters of galaxies must have formed sub-
sequently through gravitational clustering of the galaxies themselves.
This process can be modeled with computers by treating each galaxy
as a point mass and calculating its gravitational interactions with its
neighbors. Extensive simulations of gravitational clustering have been
carried out in this way during the past decade; the results agree with
observations in some respects, but they do not predict the large holes
devoid of galaxies that have been observed between clusters. It is
still uncertain whether galaxies or clusters of galaxies originated first.

None of the existing computer simulations of either galaxy collapse
or clustering addresses the origin of the fluctuations themselves.
Current attempts to answer this important question, based on Grand
Unified Theories of elementary particles, are encouraging.

A
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The collapse of a gas cloud to form a disk galaxy like the Milky
Way and the subsequent formation of the first generation of stars
are both believed to have taken place during the first billion years
of galactic evolution. These processes could therefore be observed
only in galaxies so remote that the radiation now received from them
was emitted in their early ywith. Although presumably very faint,
this radiation, red shifted by a factor of 10 or more because of the
cosmic expansion, might be detected by the next generation of in-
struments. Optical and ultraviolet radiation from young galaxies, if
not absorbed by dust near the galaxy or in intragalactic space, would
be red shifted into the infrared region, where the extreme sensitivity
of the Shuttle Infrared Telescope facility (SiRTF) would permit it to
be detected. Overlapping shock waves from early supernova explo-
sions could heat the interstellar gas to temperatures as high as 1
billion degrees, generating dust-penetrating x rays with energies up
to 100 keV. These x rays, now red shifted into the few-kiloelectron-
volt range, should be detectable by AxAF according to recent calcu-
lations. If a galaxy like ours that had just been born were discovered,
it would present a breathtaking opportunity for study.

Evolution of Galaxies

Once galaxies form, they evolve slowly as dying stars inject newly
synthesized atomic nuclei into the remaining interstellar gas, from
which new generations of stars are formed. Current models suggest
that most of the matter entering the interstellar medium is ejected
by stars of moderate mass, which evolve into red giants and then
planetary nebulae, as red giants lose most of their outer layers in
low-velocity stellar winds, while the deeper layers are thrown off in
final outbursts that produce planetary nebulae. Most of the energy
injected into the interstellar medium, on the other hand, comes from
the explosions of massive stars, in which an entire star is disrupted
to form a supernova. Supernova explosions are also the principal
sources of heavy elements.

Only stars whose mass equals or exceeds that of the Sun evolve
significantly in a Hubble time, so that during the generations of stars
that have occurred since the galaxies formed, much of the interstellar
medium has found its way into low-mass stars that have evolved
little over the lifetime of the Universe. Thus, inter- +fellar matter has
been continually enriched in heavy elements, while its mass has
been continually reduced as more of it is converted into slowly evolv-
ing stars.
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Star formation apparently proceeds at different rates in spirals and
ellipticals, since at present spirals contain large amounts of inter-
stellar matter, while ellipticals contain little. It has been suggested
that earl y in the life of ellipticals, the star-formation rate was hig'i
enough that frequent supernova explosions were able to drive the
remaining gas out of the galaxy in a so-called "galactic wind," thin
quenching f , irther star formation. Supernova explosions apparently
occur frequently enough today to keep ellipticals swept clean of
interstellar matter. In '.pirals, on the other hand, the initial supernova
rate • nav not have been great enough to cause a catastrophic purging
of the interstellar medium, and so a sufficient amount of interstellar
matter still remains today to support active star formation. Thus, the
ditferent amounts of interstellar medium in ellipticals and spirals
may be a consequence of different initial rates of formation of massive
stars, which become supernovae; why the rates should have been
different is an important unsolved problem of galactic evolution that
will be auLiressed through the study of galaxies of large red shift.

The existence of galactic winds is in accord with crirrent x-ray
observations of rich clusters of galaxies, in which most of the galaxies
are either ellipticals or their close cousins the lenticulars. In many
such clusters there is a hot, x-ray-emitting intergalactic medium,
whose total mass and chemical composition are consistent with the
supposition that it has accumulated from galactic winds. The removal
of gas from galaxies is aided by the intergalactic medium, once es-
tablished, because it sweeps gas from galaxies as they move through
it. There is evidence for this process in the x-rav and radio images

r

Map of the sky in soft x-rays (0.15-0.c,' keV) from a s eries of rocket flights. (Photo courtesy (if
the University of Wisconsin x-ray ,group)
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of certain galaxies that are being swept at present. One can under-
stand the absence of gas-rich galaxies in rich clusters of galaxies along
such lines, but a detailed understanding awaits x-ray observations
with AxAF, which, because its sensitivity and angular resolution are
greater than those of the Einstea x-ray observatory, can observe the
process of sweeping at greater distances.

Any realistic scenario for galactic evolution must take into account
the effects of cosmic rays—the relativistic particles whose presence
is inferred from experiments with charged-particle detectors in space.
Constituting a prominent and permanent component of our Galaxy,
cosmic rays have isotopic abundances that imply that they remain
tens of millions of years in the Galaxy, most of which time is spent
in the Galactic halo. In effect, cosmic rays constitutea relativistic gas
with a pressure comparable with that exerted both by random mo-
tions of the interstellar gas and by the interstellar magnetic field; the
cosmic-ray gas therefore plays a critical role in the equilibrium infla-
tion of the gaseous disk, in the fragmentation of the interstellar
medium into molecular-cloud complexes, and, presumably, in the
support and activation of halos of galaxies. Determining the origin
and propagation of cosmic rays is therefore an important aspect of
the overall effort to understand the course of galactic evolution.
Cosmic-ray experiments on the Space Shuttle will advance these
goals by supplying new information about the composition, energy
spectra, and isotope distributions of the cosmic rays themselves.

Verifying our ideas of galactic evolution will require intensive stud-
ies of our own and nearby galaxies, as well as observations of galaxies
so remote that their properties appear different from those of the
more evolved galaxies nearby. It is now understood that stellar mass
loss has a profound effect on galactic evolution. With its high sen-
sitivity, SIRTF will discover many more cool red-giant envelopes, in
which the stellar light is degraded to infrared radiation by large
quantitites of embedded dust; submillimeter, millimeter, and infrared
telescopes, including the LDR in space, the 10-m submillinieter-wave
antenna, the 25-Meter Millimeter-Wave Radio Telescope, and N'I`r,
will permit spectroscopic observations of the spectra of molecules in
such envelopes, leading to the determination of nuclear and isotopic
abundances, which are clues to the nuclear processing that has oc-
curred in the parent stars; they will also determine the velocity and
mass of the outflowing gas, crucial parameters for calculating the
rate at which mass is being ejected into the interstellar medium.

Because of its exceptionally faint limiting magnitude, ST will be
able to identify a much larger fraction of the low-mass stars believed
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to lie near the Sun than has been possible up to now, thus permitting
a much more accurate assessment of the mass `ed in these stars;
this assessment will be aided by SIRTF, whicO ~1it> be much more
sensitive to the extremely co-)l faint stars than are wk: infrared tele-
scopes now available. Because of its ultraviolet sensitivity, ST is ex-
pected to find many new white dwarfs, hence improving our esti-
mates of the number of moderate-mass stars that have already
undergone evolution. NTT, whose large collecting area will make it
possible to obtain spectra of various subsystems of nearby galaxies,
will reveal variations in abundances expected to develop as the result
of different rates of evolution at different points within galaxies; the
25-Meter Millimeter-Wave Radio Telescope will permit determination
of isotopic abundances of CO and other molecules with sufficient
angular resolution to detect' variations in abundances across the faces
of galaxies; its beamwidth corresponds to 60 parsecs at M31.

By yielding sharp images of large-red-shift galaxies, ST will permit
them to be classified morphologically for the first time; this is essen-
tial in order correctly to interpret observed correlations between the
red shifts and other properties of galaxies. There have been tanta-
lizing hints that certain types of galaxies are systematically bluer than
their analogs nearby at lookback times as small as 3 billion to 6 billion
years, but because morphological classification of these galaxies is
beyond the capability of present ground-based telescopes, the inter-
pretation of these results is unclear. NTT will play an important role
in this research by permitting us to obtain optical and infrared spectra
of galaxies at large red shifts, including those discovered by s,r.

Interaction of Galaxies with Their Environment

An important advance in studies of galactic evolution in the last
decade has been the recognition of interactions between galaxies and
neighboring galaxies and/or intergalactic gas. Exchange of mass, en-
ergy, or angular momentum with the environment can modify gal-
actic evolution in a variety of ways. It is widely believed that isolated
spiral galaxies are formed with extensive halos, in which a substantial
fraction of the mass is hidden in faint stars or in some other form,
such as massive neutrinos. Galaxies located in binary pairs will in-
teract with each other's halos in various ways if they are close enough
together. For example, one galaxy can strip the halo material from
the other by tidal forces; the material may either be redistributed
within a common envelope or be entirely lost from the binary system.
Since any energy or angular momentum lost in this way must come
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from the binary orbit, the orbit roust evolve. If one galaxy of the pair
has a low mass, it may end up merging with the more massive
galaxy, thus further increasing its mass; such a process is believed
to account for the frequent occurrence of supermassive galaxies at
the centers of rich clusters. The gravitational fields of such systems
will be probed through measurements of the radial velocities of faint
globular clusters with NTT, as well as through studies of the distri-
bution of hot gas around galaxies with AxAF. There is evidence from
x-ray observations of the Virgo cluster that the giant elliptical galaxy
Messier 87 is accreting intergalactic gas. One model of the intense
production of relativistic particles in the nucleus of M87 envisions
the production of energy by the flow of matter into a massive black
hole located in the galactic nucleus. Such accretion of intergalactic
gas in clusters could provide a virtually unlimited source of matter
to power the radio galaxies often found in clusters. Here AXAF, with
its ability to observe the diffuse, hot gas with high angular resolution,
increased sensitivity, and high spectral resolution, will be able to
examine many radio galaxies at larger distances, for evidence of the
M87 phenomenon.

The whole problem of activity in the nuclei of galaxies poses a
major puzzle in galactic evolution. Both elliptical and spiral galaxies
(as radio and Seyfert galaxies, respectively) display activity that is
highly localized in the nucleus of the galaxy. Possible physical ex-
planations for such activity are discussed in the next section; here
we mention those aspects of galactic activity that are relevant to
galactic evolution in general. Do the extreme examples of galactic-
scale explosions called quasars occur within galaxies? ST, with its
high angular resolution, will be able to observe the parent galaxies
if they are there; the light from a parent galaxy, which is lost in the
glare of the quasar when studied with present ground-based tele-
scopes, will be distinct from the quasar image when viewed with s1'.
Do many quasars occur within groups of galaxies, as recent ground-
based observations of some quasars suggest? Again, ST, with its faint
limiting magnitude, and NTT, with its ability to acquire spectra of
faint objects, will answer this question even for distant quasars, thus
determining whether the occurrence of a quasar in a galaxy depends
on the environment of the galaxy. Is the density of stars in active
galactic nuclei as high as required to explain such activity by stellar
collisions? High-resolution pictures with ST will penetrate close to
the centers of Seyfert nuclei and hence help to answer this question;
its angular resolution of 0.05 aresec corresponds to 25 parsecs at the
distance of the nearest Seyfert galaxies. Is there an inward flow of
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hot gas in active ellipticals, as required by theories based on accretion
by a massive black hole? The high-resolution images to be obtained
by AxAF and ST, and studies of the time variability of high-energy 	 9
emission to be carried out by AxAF, may help to answer this question
as well,

The instruments of the 1980's will have a major impact on the
study of galactic evolution. Over the entire range of phenomena—
from the earliest development of fluctuations in the Universe, through
star formation in collapsing young galaxies, to the slow conversion
of interstellar gas to stars and the emergence of active galactic nu-
clei—observations by the new instruments in the gamma-ray, x-ray,
ultraviolet, optical, infrared, and radio regions of the spectrum will
provide important new information.

VIOLENT EVENTS

Cosmic Rays, Supernovae, and Pulsars 1
The Earth is constantly bombarded by cosmic rays, charged sub-
atomic particles from space moving at relativistic speeds and with
energies up to 1020 electron volts (eV). The discovery of cosmic rays
early in this century provided the first hints that the Universe is not
a quiescent collection of stars and planets but, rather, the scene of

x violent events in which particles are accelerated to relativistic ener-
gies. Until the 1950's, studies of cosmic rays were limited to those t
particles reaching the Earth; the bending of the trajectories of cosmic
rays by interstellar magnetic fields precludes the identification of
their sources by observing the directions from which they arrive at
the Earth.

A breakthrough in our understanding of the role of high-energy
particles in cosmic processes occurred in the 1950's, when optical
and radio astronomers discovered polarized emission from super-
nova remnants and showed that it is synchrotron radiation from
relativistic electrons accelerated and trapped in magnetic fields. Shortly k

thereafter, electrons were discovered in cosmic rays arriving at the
Earth, in numbers agreeing with those required to explain as syn-
chrotron radiation the nonthermal radio emission observed from the
Milky Way.

We now know that the acceleration of atomic nuclei and electrons
to relativistic energies occurs in astronomical systems ranging in scale
from the Sun and planets to giant radio galaxies. Particle acceleration
results from motion of the magnetic fields embedded in the ionized
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gases, or plasmas, that pervade interplanetary and interstellar space.
In situ study of plasmas in the Earth's magnetosphere and in the
interplanetary medium has shown that three processes accelerate
charged particles: the passage of shock waves, the reconnection of
magnetic fields of opposite polarity, and the compression of magnetic
fields.

Solar physicists have observed that magnetic fields emerging from
the solar surface are occasionally forced into unstable configurations
in which large amounts of magnetic energy are stored. Rapid recon-
nection of the magnetic lines of force to form new configurations
releases magnetic energy, much of which goes into accelerating large
numbers of particles in a short time; the resulting high-energy par-
ticles cause solar flares. Recently, the International Ultraviolet Ex-
plorer (IUE) and the Einstein x-ray observatory have detected similar
flare activity on other stars. Magnetic activity appears to be com-
monplace, and in some stars it produces flares far more energetic
than those on the Sun.

Particle acceleration on a much larger scale accompanies the su-
pernova explosions that mark the deaths of massive stars. Optical,
radio, and x-ray observations of supernova remnants strongly sug-
gest that most Galactic cosmic rays are initially accelerated in su-
pernova explosions, Supernovae are also believed to be responsible
for the synthesis of heavy elements, and thus they play a critical
role in the chemical evolution of galaxies and, ultimately, in the origin
of stars, of planets, and of life.

There are at least two distinct types of supernovae. Type I super-
novae, which may occur in low-mass binary star systems, are dis-
cussed in the next section. Type II supernovae, which occur in mas-
sive stars located in the disks of spiral galaxies, appear to be the
natural consequence of the evolution of the cores of isolated massive
stars. In successive stages of core contraction and heating, thermo-
nuclear reactions produce heavier and heavier elements, until a core
of about 1.4 solar masses of iron is accumulated. If an iron core
contracts, because there are no further nuclear reactions to furnish
energy that would stabilize it, it quickly goes into free-fall when the
internal pressure drops as a consequence of the capture of electrons
by atomic nuclei and the partial photodisintegration of iron-group
nuclei into free nucleons and alpha-particles. If the core is sufficiently
massive, no force is strong enough to reverse its huge inward mo-
mentum, and the matter collapses to a point, forming a black hole.

For cores of lower mass, as the central density approaches and
even surpasses that of a typical atomic nucleus, the collapse may be
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halted by the repulsive component of the strong nuclear force. What
happens then is still uncertain. One possibility is that the rebound
of the collapsing core arising from this sudden "stiffening" of its
inner regions initiates a shock wave that propagates out of the core
and into the loosely attached envelope of the star, where it heats
the material to such high temperatures that a sudden surge of re-
actions occurs among the nuclei present. The elements heavier than
iron thus created, together with other heavy elements produced by
earlier nuclear burning nearer the surface of the star, are ejected by
the shock wave into the interstellar medium.

The process of core collapse releases about 10 53 ergs, an amount
of energy released if a star having a tenth of the mass of the Sun
were completely annihilated. Most of this energy is lost in the form
of energetic neutrinos and gravitational waves that cannot be de-
tected with current instrumentation. The visible light of the super-
nova outburst comes from the shell of ejected material, which ex-
pands outward at 10,000 km/sec or more with a kinetic energy of
about 1051 ergs.

Some supernova explosions leave behind a compact remnant of
1.4 solar masses with a radius of only about 10 km—a star composed
largely of neutrons, whose mean density is 10 times greater than
that of a typical atomic nucleus. Conservation of angular momentum
requires that a neutron star formed from the core of a star that is
rotating, even if slowly, must rotate with a period measured in
milliseconds. Compression of any magnetic field embedded in the
original stellar core results in a field strength of 10 1= gauss or more.

Some theorists have proposed that the electromagnetic energy
available from the rapidly spinning, highly magnetized neutron star
may be responsible for ejecting the outer layers of the star to form
a supernova, but in any case, long after the explosion has taken
place, intense electric fields are thereby generated, which can accel-
erate particles to extremely high energies; they in turn emit beams
of synchrotron radiation that sweep past the Earth each rotation
period to produce the flashes that are characteristic of a pulsar.
Hundreds of pulsars have been found with radio telescopes. The
pulsar in the Crab nebula, which is the remnant of supernova 1054,
has been observed over the entire electromagnetic spectrum from
radio waves to gamma rays. The known origin of the nebula in a
supernova explosion together with the indication from the observed
synchrotron radiation that electrons are accelerated by the central
pulsar strongly suggest that supernovae are a prime source of Gal-
actic cosmic rays.
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The stellar envelope ejected by the supernova explosion drives a
shock wave hundreds of parsecs into the interstellar medium. Such
shock waves appear to dominate the dynamics and thermodynamics
of the interstellar medium, heating the gas to x-ray temperatures,
accelerating interstellar clouds, destroying interstellar dust grains,
and in some cases initiating the collapse of molecular clouds to form
stars. They also compress the magnetized interstellar plasma and
accelerate interstellar ions and electrons to relativistic energies. Radio
and x-ray astronomers find evidence for this process in the fact that
there is strong synchrotron radio emission from those regions where
the x-ray emission shows that the gas must have been heated by a
shock wave. Recent theoretical models based on scattering and ac-
celeration of fast particles by turbulence in postshock plasmas can
account for both the flux and energy spectrum of Galactic cosmic
rays seen at the Earth. The isotopic composition of cosmic rays differs
strikingly from that of materials in the solar system, suggesting that
at least some cosmic rays originate directly in heavy-element-rich
supernova envelopes. Measurements of the relative abundances of
radioactive nuclei in cosmic rays, which have a variety of mean
lifetimes, have shown that cosmic rays are contained for a few million
years in the Galaxy; the constraints this puts on the required energy
sources are consistent with acceleration in supernova shock waves.

Binary Star Systems

A large fraction of all stars is found in binary systems. Observations
of the interactions between the two members of a binary system
permit one to infer properties of the component stars that could not
be determined otherwise. For example, precise timing of the radio
pulses from a pulsar in a binary system has provided an accurate
determination of the mass of the neutron star that causes the pulsar
phenomenon; it has also revealed for the first time a slow decrease
in orbital period, which theorists predicted to result from the emis-
sion of gravitational radiation.

Type I supernovae, whose optical luminosity decreases slowly with
time, are probably descendants of white dwarfs in binary star systems
of low mass. According to a currently favored model, they occur
when the mass accreted from a companion star causes the mass of
a white dwarf to exceed the Chandrasekhar limit of 1.4 solar masses,
sending it into collapse and causing a thermonuclear explosion. The
white dwarf is completely disrupted by such an event, which pro-
duces about 1 solar mass of iron-group nuclei, principally the radio-
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active nucleus 55Ni. The weak decays of 56Ni and of its daughter,
"'Co, produce most of the luminosity of Type I supernovae and

l

explain the exponential decline of their light curves. Observation of
strong iron lines in the spectrum of supernova 1972e, indicating a
large overabundance of iron, lends support to this idea; moreover,
a feature attributed to radioactive -16Co has been tentatively identified.

One of the most important developments of the 1970's was the
discovery by the Small Astronomical Satellite-1, or Uhura, spacecraft
that compact, high-luminosity x-ray sources are located in binary star
systems. Their x-ray emission results from the heat generated in the
transfer of matter from the atmosphere of a nuclear-burning star to
a close companion that is a collapsed star, such as a white dwarf,
neutron star, or black hole. The infalling matter is believed to form
an accretion disk--a vortex of gas spiraling into the compact object—
having temperatures up to tens of millions of degrees.

One such binary x-ray source, Cygnus X-1, has provided the best
evidence for the detection of a stellar black hole--a star that is col-
lapsing to a gravitational singularity as predicted by Oppenheimer
and Volkoff in 1939. The theory of stellar evolution predicts that
collapse to a black hole is the likely fate of the core of a massive
,tar, so that the Galaxy may well contain many millions of black
holes. Although an isolated black hole cannot be detected with cur-
rent techniques, a black hole that is accreting gas from a close binary
companion star may be revealed by the x-ray emission of its accretion
disk. The analysis of Cygnus X-1 shows that it is a binary system
containing a compact object of about 10 solar masses; this object may
be a black hole, as no satisfactory alternative interpretation of x-ray
emission from the system has been found. Astronomers will continue
to search for definitive evidence that Cygnus X-1 and possibly other
binary x-ray systems actually do contain black holes.

Many x-ray sources in binary systems were shown to be x-ray
pulsars by satellite observatories operating during the 1970's. These
systems contain rotating neutron stars with strong magnetic fields
that channel the material accreting from a binary companion into
narrow columns at the magnetic poles of the star, which are not
aligned with the rotation axis, Thermal x rays from the hot polar
regions are emitted in broad beams, which sweep around like those
of a lighthouse, leading to the observation of x-ray pulses by distant
observers. The interpretation of features in the high-energy spectra
of some pulsars as electron cyclotron resonances implies that the
magnetic fields involved exceed 10 12 gauss. Precise measurements of
changes in the x-ray pulsation rates combined with optical measure-
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ments have yielded accurate values for the orbital parameters and
the masses of the component stars; they have also provided insight
into the dynamics of accret ;on flows and the properties of ultradense
matter in neutron-star interiors.

X-ray bursters form Another major class of x-ray binaries. Found
in the central regions of our Galaxy and at the centers of condensed
globular clusters, these systems emit up to 1011 ergs of x rays in
bursts lasting only 10 to 100 sec. These bursts appear to originate in
weakly magnetic or nonmagnetic neutron. stars that are members of
close binary systems of low mass. Material accreted by the neutron
star accumulates to a critical depth, then undergoes flash thermo-
nuclear burning, releasing energy in a burst of thermal x rays; after
several hours of renewed accumulation, a fresh layer of material
produces the next flash.

A dramatic discovery of the 1970's is the gamma-ray bursts—bright,
irregular flashes of gamma rays lasting only a few seconds. Although
none of the sources of gamma-ray bursts has been firmly identified,
their distribution over the sky suggests that most of them must be
relatively nearby. However, the most intense gamma-ray burst ever
recorded was observed on March 5, 1979, from the direction of a
known supernova remnant in the Large Magellanic Cloud, an irreg-
ular galaxy. The intrinsic luminosity of the burst, if it really originated
at the 50,000-parsec distance of the Cloud, would be so great as
to challenge explanation by any mechanism now known to astro-
physics.

Another startling discovery of the 1970's is the remarkable Galactic
object SS 433, which apparently ejects more than an Earth-mass every
year in two oppositely directed narrow jets of gas moving at ap-
proximately one fourth the speed of light. Analysis of periodic changes
in the optical emission-line spectrum indicates that the jets precess
like a spinning top, tracing out a complete cone every 164 days: This
interpretation has been confirmed recently by high-resolution radio
images of SS 433 obtained by the v1.A and by very-long-baseline
interferometry (VLSI), which show the moving helical patterns sprayed
into interstellar space by the precessing jets. SS 433 is thought to be
a binary system containing a compact object; however, the origin of
the system, the mechanisms that accelerate and collimate the jets,
and the cause of the precession are still unclear.

Active Galaxies and Quasars

The pioneers of radio astronomy discovered a source of unusual
activity in the constellation Sagittarius. That source, Sagittarius A, is
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now known to be located at the exact center of our Galaxy. vLEi

observations have shown that Sgr A is smaller than the solar system,
although it is 70 times as luminous as the Crab nebula. Optical studies
of the Galactic center region are prevented by interstellar obscuration,
but observations of infrared emission, which penetrates the dust,
show that it probably contains a massive cluster of red supergiant
stars. High-resolution infrared spectra have revealed an emission line
of ionized neon at 12.8-µm wavelength arising from clouds of ionized
gas in the vicinity of Sgr A. If the Doppler broadening of this line
is due to the revolution of the emitting gas about a central gravitating;
object, the region within about 1 parsec of the Galactic center must
contain some 106 solar masses of material. While this may be ex,
plained by a dense concentration of stars, its association with Sgr A
makes it more likely that it is a single massive object, whose accretion
disk produces the relativistic electrons responsible for the radio emis-
sion of Sgr A. If so, the object may be a massive black hole.

Gamma-ray detectors carried on balloons and on the High-Energy
Astronomical Observatory-3 (HERO-3) spacecraft have observed a strong
emission line at 511 keV due to electron—positron annihilation at the
position of the Galactic center. Recent HEAD-3 observations show
that this line diminished in strength by more than a factor of 2 within
a 6-month period, showing that the source of positrons must be
extremely compact.

Energetic phenomena similar to those at the center of the Galaxy
are observed in other galaxies, but because of their much greater
distances they are much more difficult to resolve spatially. For ex-
ample, there is a spike in surface brightness at the nucleus of the
Andromeda Galaxy, Messier 31, which is believed to be caused by
a dense concentration of stars. Some spiral galaxies, called Seyfert
galaxies, exhibit violent activity in their nuclei, including radio and
x-ray emission, rapid motion of ionized gas, and powerful infrared
emission concentrated within a region 100 parsecs or less across. The
variability of the x-ray emission indicates that it originates in regions
less than 1 parsec across. Some elliptical galaxies, called radio gal
axies, exhibit similar phenomena, and in addition display enormous
radio lobes extending up to 500,000 parsecs into intergalactic space.
These lobes appear to be fed by jets of relativistic particle$ emerging
from an active galactic nucleus. For example, Messier 07, a giant
elliptical radio galaxy in the Virgo cluster, has a bright, compact
optical and x-ray source at its nucleus, from which a jet emerges.
Optical studies indicate that there is a concentration of about 10'
solar masses of material within its central 100 parsecs, a phenomenon
that cannot be accounted for by a cluster of normal stars. The nucleus
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of CenlaUrus A, another giant radio galax y , enut, large fraction of
its power as gamma rays.

Quasars are starlike objects having large red shifts--the largest
value so far observed is 3.5, corresponding to a recessional velocity
of 91 percent of the speed of light. The first quasars were discovered
through anal ysis of the spectra of optical counterparts of pointlike
radio sources, but it iti now clear that onk , a small traction of quasars
are strung radio sources. Manv new quasars h,nr been found re-
centl y through spectroscopy of the Optical counterparts of taint x-
ra y sources discovered b y the Einstein x-rav obscrvatorv. While their
x-rav, radio, and infrared emission and their optical spectra quali-
tativel y resemble those of Se y tert-galax y PLIClei, quasars radi.tte much
more power.

% , I m radio tmapes of the qua-wr .ii	 . i. Shou'irt,X I-yn 'ton at Oa •hk•ihe's algvrentlu great,
than fit(- stk-ed of Itscht. !Photo cotah,sy of M. It. Cohen, California htshhdt' of Teclondoxui
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The interpretation of the large red shifts of quasars has been de-
bated for some time; however, the recent demonstration that many
quasars lie in the same directions as groups of galaxies having the
same red shift strongly supports the conclusion that quasars are really
at the vast distances implied by a cosmological interpretation of their
red shifts. At these distances, the energy released by quasars is
equivalent to the complete conversion into energy of a solar mass
of matter every year. Except for the big bang itself, quasars are the
most powerful explosions in nature.

Quasars resemble radio galaxies in that compact, active regions
are connected by jets to distant radio lobes, The basic energy source
of quasars must be located in the compact region (which may well
be located in the nucleus of a galaxy); the relativistic particles gen-
erated there stream out in jets to the outlying lobes. vt,ur observations
of the active regions of quasars reveal smaller, jetlike structures aligned
with the much larger jets seen with conventional techniques; within
these small jets, blobs appear to move outward with speeds that are
close to that of light. In some quasars, the transverse velocity of
these blobs apparently exceeds that of light; this observation can oe
explained if the blobs are moving nearly toward us at slightly less
than the speed of light. Both the spectra and the time variation of
the compact radio sources are consistent with impulsive injection of
particles into, and subsequent rapid expansion of, magnetic trapping
regions.

X-rays have been detected from many quasars by the Einstein x-
ray observatory, Many of the known quasars are strong x-ray sources,
and new quasars have been discovered solely through their x-ray
emission. The x-ray spectra are hard, implying that the x rays are
either emitted thermally by hot plasmas or emitted nonthermally by
relativistic electrons as synchrotron emission or inverse-Compton
scattering. Some x-ray quasars vary oil scales as short as hours,
so that the source regions can be no larger than the solar system,
despite the fact that the power radiated in some cases exceeds 101=
solar luminosities. The number of distant, x-ray emitting quasars is
so large that they must account for a substantial fraction of the
previously unresolved x-ray background radiation at energies of a
few keV. At least one quasar, 3C 273, is known to be a strong gamma-
ray source as well as an x-ray source.

The optical spectra of quasars are rich in information, with power-
law continua, many narrow absorption lines, and broad emission
lines characteristic of rapidly moving clouds of hot gas. In many
quasar spectra, the continuum varies with time but the emission
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lines do not, suggesting that the continuum radiation originates in
a much smaller volume, The emission-line red shifts are indicators
of the cosmological distances to the quasars. Emission lines include
the Lyman lines of hydrogen, which can be radiated by gas of high
density, and corona) emission lines, normally radiated only by gas
of low density.

As the absorption-line systems usually have lower red shifts than
the emission lines, they are attributed to intervening clouds of gas,
In one class of absorption-line systems, whose red shifts are only
moderately lower than those of the emission lines, heavy-element
abundances are normal; such systems probably correspond to clouds
of gas ejected by the quasar toward the observer, In the second class
of absorption-line systems, the red shifts are considerably lower; as
they contain no spectral lines other than those of hydrogen, these
systems may arise in intervening intergalactic gas clouds having a
primordial chemical composition.

Theoretical models of quasars postulate a layered structure.sur-
rounding a compact central energy source, Furthest out are the clouds
of cool gas that were ejected by the quasar at earlier epochs and that
are now detected through observations of their heavy element-rich
absorption lines. Inside is the region where the emission lines are
formed. In order to explain the widths of these lines, the source
plasma is presumed to be concentrated in clouds that orbit a central
region containing a large mass. An intercloud medium, whose tem-
perature is indicated by coronal emission lines to be a million degrees,
prevents ine clouds from expanding. At the center is a compact
energy source responsible for the acceleration of particles and for
the generation of gamma-ray, x-ray, optical, and perhaps infrared
continua by a combination of thermal and nonthermal processes.

Because of the enormous amounts of energy produced—much of
it in the form of relativistic particles—in such a small volume of
space, the nature of the central energy source of quasars is of ex-
ceptional interest. Among the possibilities; are a compact cluster of
neutron stars or stellar black holes or both undergoing frequent
collisions, a massive plasma cloud stabilized by rotation, and an
accretion disk formed from matter spiraling in toward a single mas-
sive black hole containing 100 million solar masses or more.

Do quasars and active galaxies really harbor supermassive black
holes at their centers? if so, how did they form, and what is the
source of matter that feeds the black hole? How is the gravitational
energy of the accreting matter converted into the observed radiation?
These are among the most exciting unsolved problems in astronomy.
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The Impact of Reconnnended Programs and Facilities on the Study of Violent
Events

Current theories of violent events in the cosmos, ranging from solar
flares to quasars, present a variety of possible explanations for these
events. As explained below, the data collected with the observational
facilities recommended in this report will help to choose among the
possibilities and thus to advance our understanding of these phe-
nomena.

The basic physical mechanisms that underlie the particle acceler-
ation processes operating in solar flares---mechanisms believed to
operate in many other astrophysical contexts—will be investigated
with a powerful assembly of instruments aboard the Advanced Solar
Observatory (Aso) in space. The Solar Optical Telescope (SOT), which
is at the heart of ASO, is planned to be a 1-m-class diffraction-limited
telescope that at 5000 -A wavelength can resolve features as small as
0.1 aresec, or 70 km on the Sun, thus yielding information of un-
precedented resolution on magnetic-field co ifigurations before and
after solar flares. Extreme-ultraviolet (EUV) rand x-ray telescopes of
high spatial and spectral resolution on Aso will make measurements
of temperatures, densities, and energetic particle populations in the
flare plasma. Gamma-ray detectors on Aso will provide information
on the numbers and interactions of high-energy particles accelerated
by the flare; before Aso is realized, the Gamma Ray Observatory
(GRO) will be available to make measurements of the emission of
gamma rays by solar flares.

Solar flares radiate strongly in the ultraviolet (uv), the Euv, and
the x-ray regions of the spectrum. Flares on other stars can be studied
in these .regions by ST, the Extreme Ultraviolet Explorer, and AxAF

in the forthcoming decade. Elucidation of the nature of stellar flares
and their relation to solar flares will require a concerted program of
synoptic observations involving these satellites, as well as ground-
based optical telescopes.

Important questions regarding the sources, acceleration, and prop-
agation of cosmic rays in the Galaxy will be addressed by new in-
struments. The precise measurements of elemental and isotopic com-
position of the cosmic rays as functions of energy, required to give
insight into their origin and propagation in the Galaxy, will become
possible with the deployment of sensitive detectors on long-duration
flights as recommended here. The distribution and spectrum of cosmic
rays in the Galaxy can be inferred from the detection by GRO of
gamma rays resulting from the interaction of cosmic rays with the

A
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interstellar gas and radiation fields. GRO studies of gamma-ray emis-
sion from supernova remnants will provide crucial tests of theories
for the origin of cosmic rays in supernova explosions and their ac-
celeration by shock waves.

Theories for the formation of heavy elements in supernova explo-
sions will also be tested by GRO; the characteristics specified by the
Space Science Board's Committee on Space Astronomy and Astro-
physics (CSAA) in its 1979 report would permit it to detect gamma-
ray emission lines from freshly synthesized nuclei in supernova ex-
plosions out to the Virgo cluster, where a new supernova occurs.
about once every year. The dynamics of such explosions can be
studied by observing the development of their x-ray and uv spectra
with AXAF and ST, respectively.

The phenomena displayed by compact stellar objects are so rich
and varied that their study will require the concerted use of many
of the proposed instruments. The vl.a Array will observe the dy-
namics of jets emerging from Galactic objects such as SS 433 with
unprecedented precision. Because of its many independent baselines,
it will observe the jets with an order of magnitude greater contrast
than heretofore possible. The mechanisms for particle acceleration
and radiation in pulsars will become clearer from observations of
their x-ray and gamma-ray emissions with AXAF and GRO; for ex-
ample, the observation of cyclotron lines leads to a direct determi-
nation of the Ir,agnetic-field strength of the pulsar. AXAF and the X-
Ray Timing Explorer (XTE) satellite will advance our understanding
of accretion flows onto compact objects, the 'physics of matter and
radiation in superstrong magnetic fields, and the interior structure
of neutron stars by making possible studies of fainter objects, by
yielding gre!iter precision in determination of spectra, and by making
possible millisecon i timing studies of variable x-ray sources. Because
of their much greater ability to detect faint sources of x rays and
light, respectively, than previous systems, AXAF and ST will permit
us to observe binary x-ray sources and optically identify them in
nearby galaxies, providing clues to their origin and evolution.

The phenomena of transient x-ray and gamma-ray sources will be
observed with unprecedented sensitivity by GRO, as well as by XTE
and other Explorer satellites. XTE will be able to detect x-ray bursts
and transients quickly and to observe their spectral evolution in
detail; this is a key clue to the mechanisms of x-ray bursts. An
outstanding challenge is to detect and identify the optical and x-ray
counterparts of the mysterious gamma-ray burst sources; this will
require a concerted program of observations involving GRO, as well
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as xTE and other x-ray telescopes in space and optical telescopes on
the ground.

Many of the new instruments recommended in this report will
have powerful capabilities for advancing our knowledge of quasars.
Are they really located within galactic nuclei? As explained earlier,
s7' will answer this question by detecting the parent galaxies of qua-
sars unambiguously. si' images will also permit classification of the
quasar-associated galaxy as a spiral, elliptical, or other type, fur-
nishing key information for theoretical quasar models. The increased
sensitivity of sT will allow searches for small groups or clusters of
galaxies surrounding quasars out to much larger red shifts; an optical
telescope with the power of N'rr will be required to measure their
red shifts.

It is not known why there are no known quasars with red shifts
greater than 3.5. Did quasars simply not form until 2 billion or 3
billion years after the big bang, or are more distant ones being ob-
scured by intervening dust? Azar can detect quasars at red shifts
greater than 3.5 in spite of any absorption by dust and determine
their red shifts if the iron emission line is present in their x-ray
spectra, and thus answer this puzzling question.

Our understanding of the structures responsible for absorption
lines in the spectra of quasars will advance greatly as a result of
observations of their uv absorption spectra with sT and the far-
ultraviolet spectrograph in space. These instruments can detect very
low column densities of gas in the outlying regions of intervening
galaxies and clusters of galaxies or in intergalactic gas clouds. Such
spectra of bright quasars will be good enough to determine physical
conditions in the clouds. Knowledge of such conditions should de-
termine whether the absorption-line systems arise from clouds ejected
by the quasars or from intergalactic clouds; if the latter, observations
in the far ultraviolet will yield the primordial helium abundance, a
key datum for cosmology.

ST and the far-ultraviolet spectrograph in space will yield a vast
array of new information on the uv emission-line spectra of quasars,
so far observed only in the brightest quasars using IuE and sounding
rockets. It will be of great interest to find out whether the emission
lines in highly red-shifted quasars are the same as those in nearby
quasars observed in the optical region. If so, various lines that have
been proposed as luminosity indicators can be confirmed and used
to determine the distances of quasars at great red shifts, with im-
portant applications to cosmology.

1
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active galaxies will be addressed in a new way by observations with
GRO, SIRTF, and the 10-m submillimeter-wave antenna. For the first
time, instruments operating in the gamma-ray region, the far in-
frared, and the submillimeter spectrum will have sufficient sensitivity
to determine the energy emitted in those bands by many quasars
and galaxies. This is particularly important because much of the total
emission may emerge primarily in those bands. If, as seems likely,
the emissions at higher photon energies occur progressively closer
to the central energy source, observations of rapid time variations
of x-ray emission with AxAF will provide vital clues to the nature of
the sources.

Additional clues of a qualitatively different nature will be provided
by observations at radio wavelengths. The vLB Array and its'exten-
sion into space, the first steps of which are recommended in this
report, will provide the highest spatial resolution available at any
wavelength, about 10- 1 rad. For objects at a red shift less than 0.1,
this corresponds to only 1 light year, and hence there is a chance
that one can directly image central radio sources, whose variability
indicates sizes of that order. Such observations will provide direct
evidence as to how particles are accelerated to high energy and
ejected in beams that extend far into intergalactic space.

FORMATION OF STARS AND PLANETS

The Interstellar Meditum

Interstellar space is not empty. All along the Milky Way are dark
clouds containing microscopic particles of interstellar dust. These
clouds are often associated with luminous hot stars, whose lifetimes
are so short that they must have formed from the clouds themselves.
The interstellar medium is replenished by mass loss from stars as
they evolve and die and is thus an essential link in the cycle of stellar
death and rebirth that determines the structure and evolution of
galaxies.

	

Between the dark clouds is a relatively thin gas, which in the	 j
vicinity of hot stars is ionized and heated (forming H u regions), so
that it emits a bright emission-line spectrum. This spectrum shows
that the interstellar medium contains hydrogen and helium, along
with traces of heavier elements like carbon, nitrogen, and oxygen.

The 21-cm spectral line of neutral atomic hydrogen (H 0 has been i
used to map its distribution throughout our own Galaxy and nearby
spiral galaxies. On a Galactic scale, the H i forms spiral arms that
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coincide with those outlined by dark clouds and young stars. When
observers found that individual dark Clouds often contain little H i,
theorists suggested that the H I in such clouds has reacted on the

	

surfaces of dust grains to form H, molecules. Evidence for substantial

	

	 1
i

concentrations of H molecules in dark clouds began to accumulate
after 1968 through observations of the microwave spectra of am-
monia, carbon monoxide, and other molecules. These data showed
that the total density in dark clouds is much greater than that derived
from 21-cm observations of H i, strongly implying that molecular
hydrogen (HZ) is the dominant material in these clouds.

The Copernicus ultraviolet satellite in 1973 confirmed the wide-
spread presence of H,, at least in regions translucent to starlight, by
direct measurements of ultraviolet absorption lines formed by inter-
stellar H2 in the spectra of distant stars. As predicted, the presence
of H2 is correlated with that of dust. Roughly half of the interstellar
hydrogen in our Galaxy (about 5 x 109 solar masses) is H 1; the rest
is H2 . The far-ultraviolet spectrograph in space recommended in this
report will permit extension of the study of Hz to much greater
distances and to darker clouds. Instruments carried aloft by aircraft
and balloons will soon make the first observations of the fundamental
rotational transition of H, at 28.2-µm wavelength. It has been cal-
culated that the enormous sensitivity of a cryogenically cooled in-
frared telescope in space, such as S ► RTF, equipped with array detectors
tuned to the 28-µm line, will permit the mapping of interstellar H2
just as interstellar 1-1 i has been mapped in the 21-cm line.

y	 Satellite observations have shown that a broad absorption band at
s 2200-A wavelength is present throughout interstellar space. This band

is believed to be due to interstellar dust, perhaps carbon in the form
of graphite; if so, its strength indicates that a substantial fraction of

	

interstellar carbon is locked up in dust. Complementary observations 	 t
by Copernicus determined the gas-phase abundances of many atoms
and ions from their ultraviolet absorption spectra. Atomic carbon is

q somewhat depleted in the gas phase, consistent with the interpre-
tation of the 2200-A band; other elements, including silicon, mag-
nesium, and iron, are depleted by large factors, suggesting that they
too are locked up in dust grains. That at least some of the interstellar
dust is actually composed of these elements has been demonstrated

s by infrared observations, which reveal strong absorption bands at
10- and 20-µm wavelength, which are characteristic of magnesium-
iron silicates. s'r and the far-ultraviolet spectrograph in space will
extend these studies by covering virtually all of the resonance spectral
lines of abundant atoms and ions. The great increase in sensitivity,
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due to greater aperture, greater multiplexing capability, or both than
that of previous instruments, will permit the study of interstellar
matter along the lines of sight to more distant and more heavily
obscured stars.

With Copernicus, astronomers discovered a previously unknown
hot (2 x 105 to 5 x 105 K) component of the interstellar medium,
in which oxygen is ionized five times (O vi). This medium appears
to form a halo around the Galaxy. By reaching stars at great distances,
observations of O vi with the far-ultraviolet spectrograph in space
will permit us to map the entire gaseous halo of the Galaxy.

Since the late 1960's, radio astronomers have discovered a wide
variety of molecules in the interstellar medium. Most of them are
concentrated in relatively dense and dark clouds composed primarily

1 of H, molecules and dust, called molecular clouds. U.S. radio as-
tronomers have led the world in the study of molecular clouds as a
result of the availability of suitable radio antennas and good milli-
meter-wave receivers; the 11-m millimeter-wave antenna on Kitt Peak
operated by the National Radio Astronomy Observatory has played
a particularly important role in such studies. The logical next step
in this field will be the construction of a 25-Meter Millimeter-Wave
Radio Telescope as recommended in an earlier form in the Greenstein
report; its larger aperture, more accurate surface, and drier site will
permit studies at higher sensitivity, at higher angular resolution, and
at much shorter wavelengths (1 mm). Complementing; this step, the
construction of a 10-m submillimeter-wave radio antenna at an ex-
cellent site, as recommended here, will permit the observation of
interstellar molecules in selected atmospheric transmission windows
down to 340 µm or less with angular resolution approaching 8.5
aresec.

The CO molecule has been mapped throughout the Galaxy; it is
largely confined to spiral arms and is well correlated with interstellar
dust. Photographs and CO maps reveal complexes of molecular clouds
up to 50 parsecs long. These complexes, of which there are estimated
to be about 1000 in the Galaxy, are usually elongated parallel to the
Galactic plane and contain individual clouds 10 to 20 parsecs long.
Within individual clouds are found regions of high density ("cloud
cores") a parsec or less in diameter. It is in such regions that star
formation is taking place.

Interstellar dust is thought to originate in the ejects of red giants
and novae, for these objects often display emission bands charac-
teristic of silicate dust. Apparently the dust condenses as the gas
exr,.,-:nds and cools; when it is subsequently heated by radiation from
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the nearby star, it emits the infrared radiation that we observe.
Infrared surveys have discovered a variety of sources relevant to star
formation, including some that have no optical counterparts but that
emit microwave continuum radiation and extremely intense spectral
lines of OH and H 2O molecules. The energy source for these objects
is a luminous hot star hidden from view by a nearby, dense molecular
cloud. Its ultraviolet radiation is largely absorbed) by a "cocoon" of
dust, which re-emits most of the energy in the infrared. Some of the
ultraviolet radiation heats and ionizes the accompanying hydrogen,
which emits in the radio domain. The OH and HBO line emissions
are produced by natural maser action, the molecular levels being
inverted by collisions, infrared transitions, or both. Dust cocoons are
invariably found in the densest parts of molecular clouds, supporting
the view that the hot stars responsible for their heating were formed
recently from the surrounding cloud. With newly developed infrared
spatial interferometric techniques, it is now possible to map the
formation of dust around many such stars.

Studies of x-ray emission also contribute to an understanding of
the interstellar medium. Rocket surveys have mapped the distribu-
tion of nearby interstellar gas at million-degree temperatures, leading
to a model in which the solar system is now surrounded by an ancient 	 is
supernova shock wave. The Einstein x-ray observatory has mapped
x rays from the gas heated by distant supernova explosions. In the
future, the increased energy resolution available with AxAr will per-
mit observations of individual emission lines, thereby permitting the
detailed quantitative analyses of supernova shock waves and proc-
esses occurring behind them, including the destruction of interstellar
dust grains by the surrounding, shock-heated gas. The Small Astro-
nomical Satellite-2 (sAs-2) and cos-a satellite have mapped the gamma
rays resulting from the decay of pi mesons produced by collisions
of cosmic rays with interstellar matter, permitting the distribution of
cosmic rays in the Galaxy to be surveyed and the masses of a few
interstellar clouds to be determined. The higher sensitivity and an-'
gular resolution to be provided by CRO will permit many more of
these clouds to be studied at gamma-ray wavelengths.

Our current understanding of the interstellar ;medium is based on
the fact that the energy radiated by interstellar matter must be sup
plied by the absorption of energy from supernova shock waves, from
ultraviolet radiation from hot stars, and from interactions with cosmic
rays. Diffuse clouds of atomic hydrogen are maintained at about
100 K by the ejection of energetic electrons from dust grains by
ultraviolet stellar photons. Molecular clouds are much colder, on the

f
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order of 15 K, because ultraviolet photons cannot penetrate the large
amounts of dust present, leaving cosmic-ray interactions as the only
source of heat, and because the molecules in such clouds are efficient
radiators even at low temperatures. The hot intercloud medium re-
vealed by Copernicus observations is maintained at a temperature of
several hundred thousand degrees by shock waves from supernovae.
The interstellar medium is thus composed of at least three phases
having widely differing temperatures. What are the relations between
these phases? How do they exchange mass and energy? The capa-
bility of the optical, ultraviolet, radio, infrared, and x-ray telescopes
of the future to observe all the relevant energy inputs and outputs
will greatly increase our understanding of these questions.

Molecular Clouds and Star Formation

The fundamental rotational transition of the carbon monoxide mol-
ecule CO at a wavelength of 2.6 mm is a widely used tracer of the
distribution of molecular clouds in the Galaxy. An important frontier
for future research is to understand the distribution of such clouds
in other galaxies; the 25-Meter Millimeter-Wave Radio Telescope (at
2.6-mm and 1.3-mm wavelengths) and the 10-m submillimeter-wave
antenna (at the wavelengths of higher CO rotational lines) will permit
such studies with spatial resolutions better than 60 parsecs at Messier
31.

A key theoretical problem is the mechanical equilibrium of molec-
ular clouds. Observations of CO and other molecules lead to esti-
mates of the total density and thus the gravitational forces within a
cloud. The densities and temperatures derived from CO yield esti-
mates of the gas pressure. In most clouds gravitational forces are
much stronger than pressure forces, so that one would expect them
to collapse nearly in free fall, a process that should take a few million
years. If such collapses lead to star formation, the number of young
stars in the Galaxy would be far larger than observed. It is therefore
believed that molecular clouds are perhaps prevented from collapsing
by internal turbulence, which is known to be present from the ob-
served velocity broadening of molecular lines. Although in many
clouds the force exerted by turbulent pressure is adequate to resist
gravitational collapse, the turbulence must be highly supersonic and
should dissipate rapidly through shock heating. Dissipation can be
reduced if molecular clouds are actually composed of large numbers
of subclouds, too small to resolve with present instruments. The 25-
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Meter Millinicter-Wart' Radio Telescope and the submillinicter-%vave
radio antenna ma y hermit us to resolve such subclouds.

The chemistry of molecular clouds determines their cooling rate
and thus their abilit y to collapse. C 1, emical reactions among the
elements C, N, (), and I I under the rn,nt'e.luilibrium conditions that
apply in interstellar clouds are of interest in their own right and also
because of their possible bearing oil origin of life. S y nthesis of
molecules in space is thought to begin with the formation of H: on
the surfaces of dust grains and the subset.lut'nt ionization of 11, by
cosmic ra ys to form IV . Collisions of H; and 11, lead to H; , which
reacts with C, N, and O to produce species such as HCO' , CN,
HCN, and 1f_CO. fhe complete chain of reactions will be much
better understood b y observing molecules that have been predicted
theoreticall y , using the increased wavelength coverage of the 25-
Meter Milli rleter-Wave Radio I -elescope and the 10-m submillirneter-
wave radio antenna.

Massive stars torm in the dense cores of nutlecular clouds, as
indicated by the observation of infrared sources, 11,0 and OI I ma-
sers, and microwave-continuum sources in these regions. According
to one theorv, dense cores of clouds form When tilt' Ultraviolet ra-

A 12.4-µm recall of tilt, central region of tilt, Orion rnolt,nelar ii, : ,d, irtellulut,ti tilt' RerAltn-
Neu,gebaner " protostar" and tilt- Kletnrnann -Lard neh lb!, rnadt , with file Gtatdard Sint" . I Il ht
Crater tnfrar,d CID arra4 camera. 11 1Iroto iourte ;4 of the • National Aeronautics and Spitz,
Adntmtstratvmt, the Unwer;it4 of Arizona, and the f larvtrd-Srntthsontan Center for Astro-
ph4;ii s/
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diation from massive stars of a previous generation ionize that part
of the parent molecular cloud nearest to them, raising the gas pres-
sure and driving a shock wave into the cloud. The shock compression
raises the density above the critical value for gravitational instability,
and the gas contracts to form a core. Part of the core collapses to
form a new generation of massive stars, and the cycle is repeated.
In this way, a wave of successive star-formation events propagates
through an elongated molecular-cloud complex. This picture is sup-
ported by the fact that associations of young stars are observed
outside the molecular cloud and aligned with it; the younger asso-
ciations are nearer the cloud and the older ones further away, as
expected from the model. Molecular-cloud cores containing massive

i young stars are often found immediately adjacent to H n regions.
The increased angular resolution available with the 25-Meter Milli-
meter-Wave Radio Telescope and the 10-m submillimeter-wave ra do
antenna will help to clarify the spatial relationships involved.

The Solar Systenn

The NASA program of solar-system exploration by deep-space probes
is one of the grand technological and scientific adventures of our
generation. The opportunities to fly by or to orbit planetary bodies,
to study their properties at short range, to make detailed measure-
ments of their atmospheres and magnetospheres, and in some cases
actually to land upon their surfaces, have given birth to the new
field of planetary science, which draws on a number of scientific
disciplines in addition to planetary astronomy. These studies relate
strongly to the rest of astronomy and astrophysics. For example, the
study of planetary atmospheres has led to the development of con-
cepts and techniques that apply more broadly to the dynamics of
stellar atmospheres and the -interstellar medium; in situ measure-
ments of planetary magnetospheres have provided new insights into
the processes of magnetic-field reconnection and particle acceleration;
the theory of the internal heating of Jupiter-like planets has conse-
quences for more general studies of the collapse and structure of
low-mass protostellar and protoplanetary objects; and studies of com-
ets, meteorites, and other primitive bodies of the solar system have
provided insights into the chemical composition of the original solar
nebula that may well apply to interstellar clouds generally.

The mechanisms that led to the formation of the Sun and its planets
must be at work in the Galaxy today. Much of what we can learn
about the formation of our solar system, both from the NASA plan-
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etary-exploration program and from ground-based planetary astron-
omy, may thus be applied to the more general problem of planetary
formation. These studies have, during the 1970's, revolutionized our
knowledge of the solar system; here we touch on only a few high-
lights.

Exploration of the Moon has shown that it is now inactive; its
surface is the result of meteoritic cratering over its 4.5-billion-year
lifetime. Mercury is also inactive, but Venus, like the Earth, shows
the effects of tectonic activity—great uplifts and a very dense at-
mosphere, presumably of secondary origin. The Viking mission showed
that Mars is at present inactive and that only small amounts of water
are now present on the surface. On the other hand, images from
the Viking orbiter demonstrate that Mars was once active and may
have been washed by water at one time.

It has recently become possible to classify asteroids by their in-
frared reflection spectra. The evidence suggests that an important
class of meteorites, the carbonaceous chondrites, must be derived
from certain classes of asteroids, presumably through collisions that
injected them into Earth-crossing orbits. Because of the large col-
lecting area of NTT, it will extend studies of infrared reflection spectra
to much smaller objects.

The Vot er program has revolutionized our knowledge of Jupiter,
Saturn, and their magnetospheres and satellites. With tremendous
detail, it has revealed complex motions in Jupiter's deep atmosphere,
verified its hydrogen-rich composition, and discovered enormous
atmospheric lightning flashes. The Galilean satellites were found to
be complex and completely different from one another; to is heated
to the melting point by Jupiter's tidal force and emits sulfur ions
into the Jovian magnetosphere from a number of active volcanos.
Future infrared telescopes on Earth and in Earth orbit will contribute
to further understanding of all the planets by imaging and spectrally
analyzing their infrared emission. NTT will speed up spectroscopy in
the near infrared, while the CDR, because of its large collecting area
and high angular resolution at 20-µm wavelength and longer (better
than 1 aresec) will permit high-resolution infrared spectroscopy of
planets with many resolution elements over the disk. s'r will have a
unique capability to image Jupiter and its satellites regularly from
Earth orbit with the same 150-km spatial resolution achieved only
briefly by Voyager; in addition, ST will spectroscopically analyze plan-
etary atmospheres using the reflected ultraviolet light from the Sun
and the light emitted from upper atmospheric layers. We will gain
a better knowledge of the complex chemistry occurring in comets by
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studying their ultraviolet reflection spectra with sT, and their tno-
lecular spectra with the 25-m Millimeter=Wave Radw Telescopy.► and
the 10-meter submillimeter-wave radio .antenna.

Current theories of the origin of the solar system postuil4ffe a "solar
nebula," a disk of gas and dust that formed together with the Sun
nearly 5 billion years ago. It is believed that dust particles (either
interstellar particles brought in when the solar nebula formed or
particles that condensed later out of gases in a heated nebula) mi-
grated to its midplane, where gravitational attraction drew them
together to form the planetesimals, which, through collisions, ac-
cumulated to form the terrestrial planets and the cores of the outer
planets. This model has been severely constrained by the recent
discovery of isotopic anomalies in meteorites. Not only must the
whole process have occurred faster then previously thought possible,
but 2"Al must have been injected just before the process started.
Since both the supernova explosion responsible for producing the
26AI and the origin of the solar system were rare events, it seems
likely that they were causally related, perhaps because a nearby
supernova explosion triggered the collapse of a molecular cloud.
Observers have recently reported configurations of young stars that
may have formed as the result of compression by such ,a supernova
shock wave.

Roles of Theory and Observation

The formation of stars and planets is a formidable theoretical prob-
lem. What mechanism stabilizes molecular clouds? Are supernova
shock waves required to make them unstable toward collapse? Why
do they fragment into objects of stellar mass as they collapse, and
what determines the distribution of masses? How does the angular
momentum observed in the solar system and in binary-star systems
originate? What role do magnetic fields play in the collapse and
fragmentation process? Why do some fragments become planetary
systems, while others become binary-star systems or isolated stars?
What determines the distribution of planetary masses and distances?
Do satellites form at the same time as the planets, or inter?

Such questions are now receiving serious theoretical study. Full
two- and three-dimensional hydrodynamic computer codes, taking
proper account of the effects of turbulence and magnetic fields, are
needed for satisfactory answers. Such codes, originally developed
for other applications, can now be implemented only on supercom-
puters, but the combination of array processors with the smaller
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computers recommended in this report may also be able to handle
hydrodynamic codes for the formation of stars and planets.

Future observational studies should aim to constrain theoretical
models at every stage, The question of turbulent stabilization of
molecular clouds requires the greatest possible angular resolution in
order to determine whether the observed velocity broadening is ac-
tually due to the overlapping velocity shifts of various subclouds.
Both the 25-Meter Millimeter-Wave Radio Telescope and the 10-m
submillimeter-wave radio antenna offer dramatic improvements in
this area, providing spatial resolutions down to 0.02 parsec in the
Orion molecular cloud.

In the study of dense cores of molecular clouds, it is important to
obtain data in the spectral lines of a number of different molecular

$!	 species that depend differently on temperature and pressure and,
j because of differing saturation effects, arise in different parts of the

core. The 25-Meter Millimeter-Wave Radio Telescope and the 10-m
submillimeter-wave radio ;antenna will be able to detect many more

g lines because of the extended frequency range. It is also important
to extend the search for young stars in these cores to much fainter
limits than is now possible, in order to assess whether fragmentation
results in simultaneous formation of a range of stellar masses. s ► arr,
with its 1000-fold increase in infrared sensitivity, will be crucial in
detecting much fainter stars.

Because of its relation to complex molecules, the transformations
of carbon are of particular interest; in diffuse clouds, carbon may be
divided among neutral atoms, ions, and dust particles. The 10-m
submillimeter-wave radio antenna will permit the mapping of neutral
atomic carbon, the only atom other than H i for which this is possible.
In molecular clouds, extension of the accessible frequency range
using the 25-Meter Millimeter-Wave Radio Telescope and the 10-m
submillimeter-wave radio antenna will bring many new organic mol-
ecules, as well as excited states of known molecules such as CO and
HCN, under study, In the vicinity of young stars and of shock waves
formed in cloud cores, the temperature is high enough to excite
submillimeter and infrared lines of molecules. The 10-m submilli-
meter-wave radio antenna will permit spectroscopic observations of
many such lines at wavelengths down to 340-Rm wavelength, while

F 
optical-infrared telescopes, including NIT, will work up to 20-Rm
wavelength. The far-infrared range between these wavelengths can
be studied with moderate-sized instruments on the Kuiper Airborne
Observatory and on balloons, and the LUR will be able to do high-
spectral-resolution work at aresecond resolution on these objects.
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A protoplanetary disk like that of the solar nebula, located at the
170-parsec distance of the Ophiuchus dark cloud, would subtend 0.3
aacsec if it is 25 astronomical units in radius. If its temperature is
100 K, it would radiate in the 20-50-1Lm wavelength range, with a
total luminosity about equal to the Sun. Such an object is beyond
current ability to d tect but would be easily detected by SIRTF. A L DR
in the 10-m class would be able to study the spectra of such objects
because of its large collecting area; it would achieve some spatial
resolution on the object when operated with low spectral resolution.

If current ideas are correct, planetary systems are ubiquitous, So
far, however, attempts to confirm the astrometric detection of plan-
etary-sized objects orbiting Barnard's star have failed, leaving us with
no conclusive evidence for the existence of any planetary system but
our own. This problem is of such importance that new efforts should
be made to solve it, as explained later in this chapter in the section
on Planets, Life, and Intelligence.

SOLAR AND STELLAR ACTIVITY

Activity on the Sun

it has been known for a century that there are gigantic eruptions on
the Sun, with conspicuous terrestrial consequences like the Aurora
Borealis and radio blackouts. The solar atmosphere is the site of
intensely energetic and extraordinarily co„muchiplex activity, much of
which is still not thoroughly understood. Insight into these phenom-
ena is important for our understanding not only of the Sun I-,f also

	

of other stars, as well as of plasma processes in a wid-- vanoty of 	 r
astronomical objects.

	

The magnetic field of sunspots was discovered 70 years ago. The	 1
solar corona has long been known from observations during total

	

eclipses of the Sun, but not until 40 years ago was it demonstrated 	 F
that its temperature i a million degrees. Gradually, as instruments
improved, additional f;attires of 'olar activity were discovered, in-
cluding eruptive prominences, small flares that appear in newly

' emerging active regions, and occasional large flares. It was found
that flares are the source of highly energetic particles, called solar
cosmic rays. The general magnetic field of the Sun was discovered,
mapped, and followed throughout the entire 11-year sunspot cycle
using the newly invented magnetograph. The intimate connection
of magnetic fields with solar activity—super-heated gases, fast par-
ticles, violent eruptions, and flares—became clear.
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The motion of material in comet tails provided the first hint that
the solar corona is expanding. Experiments on Earth-orbiting_space-
craft revealed that the expansion of the corona causes a supersonic
solar wind that carries away a million tons of solar material every
second at velocities between 300 and 600 km/sec. In the 1970's, in-
struments aboard Skylab discovered that the corona erupts every few
hours, and x-ray studies from that satellite outlined in dramatic detail.
the hot, dense regions of the active corona and their association with
the solar magnetic field, as well as the cooler, more rarefied regions
called coronal holes, from which high-speed solar-wind streams flow,
Skylab also discovered x-ray bright points, from which most of the
magnetic flux of the Sun seems to emanate.

The solar wind extends far into space, forming a "heliosphere"
within the surrounding interstellar medium, which is a vast sea of
Plasma activity perhaps several hundred astronomical units across.
It is filled with fast and slow streams of solar wind, interacting
violently to produce shocks and fast particles, and is swept constantly

[ by blast waves from solar flares. Interaction of this plasma with
planetary magnetospheres produces planetary magnetic storms and
radiation belts and accelerates particles to high energy near the planets.
The subject of intensive study through direzt observations--and the

I

	

	 oretical modeling, the heliosphere also serves as a guide to the com-
plex phenomena that must also occur,near other stars, although they
are	 tenuous plasma envelopes to be observed.f 

Inre recent years, historical studies have revealed that the activity
of the Sun may fall to a low level for a century at-a-time, as it did
during the fifteenth and seventeenth centuries, or rise tri a very high
level, as it did in the twelfth century. The climate of the Earth appears

j to respond to these long-term variations, with the mean annual
temperature in the Earth's North Temperate Zone d pdining in ex-
tended periods of low activity. The causes of such long-term solar
variations remain a-mystery.

The scope of solar activity is impressive; nothing like it is known
in the terrestrial laboratory. How are magnetic fields produced inside
the Sun? How do these fields cause flares, eruptive prominences,
solar cosmic rays, and sunspots? How do they control and perhaps
heat the active corona? And why does the corona expand to produce
the solar wind? Considerable progress has been made over the past
three decades in answering some of these questions, while others
have evaded understanding to this day.

Detailed observations of the magnetic fields at the surface of the
f	 Sun with the precision vacuum tower telescopes and high-resolution

n
Y	 '

f

1



78	 ASTRONOMY AND ASTROPHYSICS FOR THE 1980's 7

S	 g	 P	 P	 g	 currently available have demon-
gnet thattr	 the solar magnetic6	 c field is concentrated into individual

flux tubes in which the field is intense; incredibly, these tubes do
not expand despite the huge internal magnetic pressure';. The for 3
mation of sunspots, plages, and flares and the heating of the corona
are profoundly affected by this seemingly unnatural behavior. Re-
newed efforts with infrared, optical, ultraviolet, x-ray, and gamma-
ray telescopes, together with determined theoretical studies, will bf-.
necessary for progress toward understanding some of the more com-
plex aspects of solar activity during the 1980's.

Instruments aboard the Solar Maximum Mission carried out the
first precise, coordinated studies of flares in ultraviolet light and x
rays, observing particularly the extremely compact and intense cen-
ters of activity with temperatures above one hundred million degrees
that lie at the heart of solar flares. The Solar Optical Telescope (SOT),
a diffraction-limited meter-class telescope to be launched on the Space
Shuttle during the 1980's, will resolve detail down to 0.1 aresec, or
70 km on the Sun. For the first time, we will be able to see the
structure of the most slender magnetic tubes and the details of the
convection around them, as well as the glowing hydrogen filaments
above. The SOT will be followed by the Advanced Solar Observatory
(Aso) in space, which will provide better than 0.1-aresec resolution
images simultaneously at optical, ultraviolet, and soft x-ray wave- k
lengths. These observations should help to reveal the basic physics i
of a great variety of phenomena on the Sun, including plages, sun-
spots and their penumbrae, the breakup of magnetic fields into dis-
tinct flux tubes, and related activity at the boundaries of convective
cells in the solar atmosphere, because many of these phenomena are
expected to show important details as one exceeds the present ground-
based resolution limit of about 1 aresec. Because of the tremendous
temperature range from the photosphere (6000 K) to the corona
(2 x 106 K), simultaneous observations in all three spectral ranges
are needed to establish the connections between phenomena seen
in different atmospheric layers. Such insights will provide tests of
present and future theoretical ideas that are in many cases much

i	 more stringent than can be furnished by the best observations from
the ground.

The Aso recommended in this report will be designed to obtain
the most detailed observations of the solar surface that can be made
from Earth orbit with a mission in the moderate-cost class. Spacecraft
launched as part of the International Solar Polar Mission (IsPM) will

F	 add an important new dimension to our knowledge of the Sun and 1
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of the heliosphere b y making observ ations out tit the ecliptic plane.
I he desirabilit y of obtaining extremel y detailed obser v ations of the
utlar surlace raises an exciting possibilit y --a probe to the Sun itself.
NASA's proposed Star Probe mission, planned to cart out the first
in situ exploration of am , star, wtitild come within 2 million kilometers
of the solar surface; it it were to care• it 	 telescope, it Mould
be able to resole e Beta tit solar acti p ih LIO n to Ill kim I hr launc h
of such a mission could open up a new era of in vestigation in solar
plivsics, much as NASA's prtigram of planetar • e\ploralion by deep-
space probes has broadened and .upplemt • nted the traditional tield
of planetary astronomy'.

Studies of the solar core t\ ill receive renewed impetus during; the
148(Ys. It was to probe the deep interior f •, t the Sun that neutrnuo
astrtnonit was born a decade Apt with the assemble underground
of a '-CI neutrino detector in the Home.tal.e Mine in South Dakota.
The flux (if solar neutrinos detected b y this experiment is less than
tine third as intense as predicted by current theories of stellar energy,

rl IarQt• soItir ria, c photovraphcd tit hi iI?i t ri I{,ht. The combed aIgwarance tit flit • Sol, I,	 , , r.

Hilt , to flit' Strong ma,Qrk •tit tich.S m the flare region. Whoto courfesy of the AKt4	 -I Oi

Universities for Rest'a •ch in Astrnrturriq, Inc., Sacramento Peak Uhserea torul
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generation and internal structure. This result has alr,mcly led to the
revision of models of the solar interior; in view of the magnitude of
the discrepancy, however, a detector incorporating large quantities
of gallium, which is sensitive to the full range of neutrino energies,
will be needed to check our understanding of energy production in
the Sun. More accurate laboratory measurements of the relevant
nuclear reaction rates are also needed to refine the value of the solar-
neutrino flux predicted by theory.

The study of long-period oscillations of the surface of the Sun,
which arise from waves trapped beneath the surface, provides insight
into the properties of the solar layers between the atmosphere and
the cure, It was recognized during the 1970's that the solar 5-min
oscillations are global phenomena that can be used to probe the
structure and dynamical behavior of the solar convection zone hidden
beneath the surface. Recent observations of these oscillations from
a station `locF ted in long-term sunlight near the South Pole of the
Earth have led to precise determinations of the oscillation frequen-
cies. However, the study of solar dynamics over much longer time
periods than the polar observations can provide is essential to the
successful completion of such studies. This goal will require mea-
surements from an Earth-orbiting spacecraft, such as a proposed
Solar Dynamics Explorer satellite.

Stellar Activity

At about the same time that the magnetic field of the Sun was being
:napped by magnetographs, similar instruments showed that many
other stars also have magnetic fields; they range up to a hundred or
a thousand times more intense than that of the Sum. Strong fields
covering much of the surface have been detected' directly only in
stars more massive than the Sun, but recce t evidence implies that
less massive stars also Have magnetic fields,. Observations of chro-
mospheric lines in less massive stars indicate that they, like the Sun,
are surrounded by superheated gases, suggesting that they also have
active regions and therefore localized magnetic fields. Many of these
stars display magnetic cycles, during which stellar activity waxes and
wanes with a regular period like the sunspot cycle.

Ultraviolet and x-ray astronomy from space vehicles led to a break-

i

I

through in stellar-activity studies. Observations front the Copernicus
ultraviolet observatory showed that some stars possess stellar winds;
in some cases, the wind is so strong that it must have ,profound
effects on the evolution of the star. In addition, stellar winds carry
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away so much angular monwntum that the rate at which the stars
rotate mint be slowed, over hundred•, tit millions tit years, to low
%alues. The International Ultraviolet Explorer (it i ) satellite extended
these studies to a much greater variet y of stellar hypes.

Observations with the Linstein x-rav observatory revealed that stars
of nearl y all t ypes are surrounded b y coronas at temperatures reach-
ing millions of degrees, impl y ing the existence of magnetic tields
and hence active regions, stellar winds, and perhaps flares. Soma
stars exhibit such large "starspots" that one entire face of the star is
dimmed; others exhibit flare activitv thousands of times more intense
than that on the Sun.

The Sun serves as a local laboratory where detailed work can be
done to understand the individual hhvsical effects that contribute to
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this richly varied activity. The exotic and unanticipated properties of
i

magnetic fields in convective fluids are 'legion; we have only begun
to discover what they are and how they fit together to produce solar
activity. The-Sun offers a close look at the cor)ulex detail of magnetic
activity, whereas the surfaces of distant stars cannot be studied in
detail, because stars appear only as points of light in the i largest
telescopes, On the other hand,- recent observations show thatactivity -
can be identified and analyzed in other stars using the radiation from
the whole star.

While a coordinated attack on problems of solar activity is being
mounted, observations of activity in other stars should also be pressed 1forward with g'ound-based telescopes, as well as ultraviolet and x-
ray telescopes in Earth orbit, including ST, AxAr,, and the far-ultra-
violet spectrograph in space. Each of these instruments w 'j ll-have far
greater sensitivity than its predecessors and, therefore, will be able
to study far more stars than have been possible with earlier 'instru-
ments, The goal is to reach stars with many different characteristics;
theoretical predictions of the dependence of activity on the age and
rotation period of a star can be tested much better with studies of
many stars than they can if only the Sun is studied.

The Role o Magnetic Fields^f	 g

Magnetic fields lie at the heart of solar and stellar activity. They are
somehow produced within most stars, as well as within several of
the planets of the solar system. In the Sun, the field floats up to 

t-of:
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surface, where it produces sunspots. In dissipating, the field heats
the plages and the corona; if it does so rapidly enough, it causes
explosions or eruptions, sometimes accompanied by superheated
flares. >

The origin of magnetic fields in the interior of the Sun and other
stars poses a fundamental problem to physics. It has been suggested
that magnetic fields were trapped in the interiors of st^i,rs at the time
they formed from interstellar gas. According to this suggestion, the
field slowly rises to the surface of the star over its lifetime. However,
theiregular 11-year reversal of magnetic field in the Sun, as well as
thethe cyclic variations observed in other stars, appears to require an-
other explanation.

Any primordial magnetic field in the Earth must have dissipated
long ago; the Earth's magnetic field that we now observe must be
continually regenerated by the flow of electrically conducting fluid

f	 in the core. Just as the convection and nonuniform rotation of the
r
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liquid iron core is thus responsible for the maintenance of the field
of the Earth, convection and nonuniform rotation in the solar con-
vective zone can maintain the field of the Sun.

The generation of magnetic fields is described by the equations of
magnetohydrodynamics.. Mathematical solutions _of these equations
incorporating reasonable estimates for the fluid velocities within the
convective zone predict magnetic fields remarkably like the actual
uagnetic fields of the Sun. On the assumption _that the angular
velocity of solar gases increases with depth, the equations predict
that an east—west magnetic-field component_develops first at middle
and high solar latitudes and then m_ igrates towird the equator, where
the oppositely directed fields from opposite hemispheres meet and

	

cancel each other. The north —south fields are predicted to reverse 	 j
direction roughly when the east—west field reaches tropical _ latitudes
and maximum strength, as is observed.

Although this theory is evidently on the right track, it is based on

	

an untested model of solar convective motions. Little is known about 	 k

	

the ,actual motions of fluid beneath the solar surface or about the 	 r,,

	complicated hydrodynamics of the internal convection, circulation, 	 r
and nonuniform
circulation

	

	
rotation of the Sun. Observations of the north—southf

	

e surface, together with determinations of the angular 	 r
velocity at various depths through observations of the 5-min surface
oscillations, are essential for a better :understanding of solar convec-
tion and magnetic-field maintenance.

The generation of magnetic fields in otherstars will remain a puzzle
until we have a solid understanding of the circulation in the Sun.
The stronger fields in younger stars, implied by their higher levels
of activity, may be a direct ,consequence ,of their higher rates of
rotation. However, it is not at all clear bow thevery strong magnetic
fields of stars more massive than the Sun are produced,. Not only
are such stars slow rotators, but it is also believed that they have no
internal convection. The origin of stellar magnetic fields thus remains
obscure.

The often explosive dissipation of magnetic fields and the accom-
panying acceleration of particles to high energies is a major problem
in astrophysics. Laboratory and theoretical work, as well as obser-
vations of magnetospheric phenomena in the Sun and planets, shows
that reconnection of magnetic-field lines to form configurations of
lower energy is a key mechanism. Reconnection requires diffusion'
of magnetic fields through the gases in which they are embedded;
however, the rate of diffusion is negligible according to the equations
of magnetohydrodynamics. Apparently, it is necessary to invoke

k
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plasma instabilities not included in those equations; once established,
they may also facilitate the conversion of magnetic energy into the
energy of fast particles. Understanding magnetic reconnection and
particle acceleration is essential not only for magnetospheric physics
and solar physics but also for other violent events in astronomy,
including those associated with x-ray sources and quasars. Only in
the Sun and planets can these processes be observed both on the
scale and in the detail required for a clear understanding of many
of their features.

Stellar Mass Loss 1r
The importance and ubiquity of strong stellar winds became apparent
during the 1970's through advances in space ultraviolet astronomy iand ground-based infrared astronomy. It is now clear that both the
hot, blue giant stars and the cool, red giant stars have stellar winds
and that these winds are sometimes prominent features of regions t
of star formation. The most luminous stars appear to lose mass at
rates up to a billion times the mass lost in the solar wind. A luminous
giant star may thus lose a substantial fraction of its mass evenduring
its relatively short lifetime of a few millio.i years, with profound
effects not only for its subsequent evolution but also for its interstellar
environment.

The luminous, hot blue giant stars have by far the strongest stellar
winds. Observations of their ultraviolet spectra with telescopes on
rockets and on the Copendois and Iut satellites have shown that
these winds flow at speeds up to 3000 km/sec and are characterized
by temperatures below 105 K. The mass-foss rates inferred from
infrared and radio observations approach and sometimes exceed
10°5 solar masses per year. Such winds cannot be driven by gas
pressire :alone, as is the solar wind, but must be driven instead by
the stellar ultraviolet radiation pressure, scattered from ions in the
wind; the same mechanism is thought to play a role in the election
of gas from galactic ,nuclei and quasars. These winds are so powerful
that they hollow out enormous cavities in the interstellar gas, push-
ing outward expanding shells of interstellar material that resemble
those generated by supernova explosions. The mechanism for driving
the winds in hot stars is not well understood. Time variati<)ns in
ultraviolet spectra of the stars suggest that the wind is unstable, and
theorists are investigating possible instabilities in an effort to nail
down the characteristics of the underlying flow,
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Observations with optical, infrared, and radio telescopes show that
cool, red -giant stars have winds comparable in strength with those
of the hot, blue-giant stars but with temperatures less thiln 3000 K
and with much lower velocities, about 30 km /sec. No ultraviolet or
x-ray emission is seen, phi ,se winds are_rich_in dust grains and
molecules; since nearly ail stars more massive than the Sun even-
tually evolve into red giants, such winds provide a major source of
new interstellar gas and dust, .furnishing ;a vital link in the cycle of
star formation and galactic evolution. As for hot stars, the mechanism
for driving these winds is not well understood. Radiation pressure
appears to be inadequate to sustain such a high-mass-loss rate, and
the gas pressure is too low. Perhaps instabilities, turbulence, and/or
magnetic fields in the stellar atmosphere are responsible.

Recent observations of H, and CO molecules in the Orion. nebula
with infrared and radio spectrographs have revealed clouds of gas
expanding outward at velocities approaching 100 km/sec. VLBi radio
observations disclose expanding knots of H2O maser emission as-
sociated with'be region of star formation in the Orion nebula, sug-
gesting that strong stellar winds are associated with protostars. The
cause of these winds remains unknown.

The new instruments for the 1980's recommended in this report
will have powerful cap  ilities for investigations of strong stellar
winds a^d their Consequences. AxAF will carry out sensitive. surveys
and spectroscopic observations of x-ray emission from the winds of
luminous hot stars, permitting studies of the properties of the coronal
gas and the mechanisms for heating it. s'r and the far-ultraviolet
spectrograph in space will greatly increase the number of stars that
are observable over the number observable with Copernic!ts and WE

and furnish a better understanding of the physical conditions in the
winds of hot stars, of their driving mechanisms, and of their inter-
action with their interstellar environments.

There is also much to be learned about the winds of _both hot and
cool giant stars and the winds associated with regions of star for-
mation from infrared observations with new instruments. Because
its large aperture will make possible higher spectral-resolution mea-
suremenrs, NrI' will permit us to determine mass-loss rates and ve-
locity profiles of the winds of hot and cool giant stars, Because of
its high sensitivity, stRTF will be able to observe stellar winds and

I their associated dynamics in much more optically obscured regions
of star formation, and the LDR, because of its large aperture, can
measure their spectra, The vLB Array will provide more reliable ob-
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servations of the motions of the radio maser sources in such regions,
because its enhanced sensitivity will allow the study of fainter, more
numerous sources.

PLANETS, LIFE, AND INTELLIGENCE

Molecular biology has given penetrating insight into the nature
of life, Complex DNA molecules in the nucleus of every cell en-
code all the information required to determine how the cell de-
velops and functions. All the rich diversity of life on Earth is
coded in strands of DNA, which have evolved from primitive
forms that apparently arose through a series of transformations
in our corner of the Universe. As we consider the myriads of
stars in the Universe, we wonder what other genetic systems may
exist.

Are we alone in the Universe? Questions concerning the ori-
gin and fate of life on Earth have been pondered since ancient
times. Astronomy has shown that there are enormous numbers
of stars like the Sun and that the abundances of chemical ele-
ments are _much the same everywhere. It seems possible, there-
fore, that there are habitats for life scattered throughout the
Universe. Life on Earth evolved from primitive forms by muta-
tion and natural selection into new species of ever-increasing
complexity. The assumption that such processes operate wher-
ever the conditions are right remains speculative until other ex-
amples of life in the Universe are found.

Life in the Solar System

Life on Earth is so intertwined with the chemistry of the atmosphere
and oceans as to form a single ecosystem, in which each part is
affected by the others. Based on carbon, an abundant element, and
de endent on li uid water the 'erns stem is sustained b the low-p	 Q	 f 	 IV 	 .7

entropy energy of sunlight, captured through photosynthesis. Be-
yond these basic considerations, it is not clear what other properties
of planet Earth played an essential role in the origin of life. Solid
surfaces? Gravity? The daily cycle of light and dark? 	 i

Several planets in the solar system are similar enough to the Earth
i	 that a search for life on them can shed some light on these questions.

Mars has long appealed to scientists and the public alike as an in-
f	 triguing target for exploration. The 1970's have seen a_remarkable 	

Ieffort in that direction, culminating in the orbiting spacecraft and
i
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landers of the Viking mission. /although the hest-publicis ed results
were ti- , e hotographs from the landing sites and tilt chemical searches
there for microorganisms and organic molecules, large amounts of
other data werce also returned that relate to the Martian atmosphere
And temperature and the geological processes that have shaped the
Martian surface. The conclusion that emerges from these studies is
that tho Martian atmosphere, now dr y and cold, was perhaps quite
dittercnt in the past; probably large amounts of water precipitated
at one time, shaping tht surface in torrential floods. Conditions at
that time could have been more favorable to life, so that further
studies are required to tell us whether life ever existed on Mars.

Venus has been the subject of intensive studv by both the United
States and the Soviet Union. Its surface is hot enough to melt lead;
this and the fact that the atmosphere is topped by sulturic acid clouds

()ld sfre•am beds on Mar., ue'st of Nu• Viking landing si p ren from flit , Viking orhih,r. The
terrain slopes ulnoard to the /tit. (Pholo courtes y of the National Aerorunehe sand Shut , Adnnn
istration)
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indicate that Venus is inhospitable to life. Mercury is also too hot
during its long days, and it has no significant atmosphere. Beyond
Mars, Jupiter has been the subject of speculation because its dense
atmosphere contains organic molecules that could constitute the first
steps toward the origin of life. The temperature is extremely lieu at
the visible cloud tops, but it increases inward, so that og,ini,,,ms
would be quite comfortable at an appropriate depth, However, there
is no evidence of a solid or liquid surface for life to cling to—if,
indeed, that is essential. The remarkable properties of Jupiter's sat-
ellites were revealed for the first time by the Voyager photographs.
Most appear to be too cold and to lack sufficient atmospheres. Al-
though Io is internally heated, it is overrun by hot lava and subjected
to sulfurous volcanic fumes, so that its surface would be hostile to
most forms of terrestrial life. Beyond Jupiter, most bodies are too
cold for life to be credible, altbough Titan, the largest satellite of
Saturn, is now known from Voyager observations to have an atmos-
phere composed primarily of nitrogen, with a temperature at the
surface near the triple point of methane; it is conceivable that inter-
esting organic molecules, of types believed to be precursors to prim-
itive life, could exist there.

In all likelihood, however, life in the solar system has been con-
fined to the Earth and possibly Mars. On Earth, the development of

i intelligence has led to the explosive development of technology and
thus to radio communication and powerful radars; the earliest radio
signals have by now propagated 50 light-years into space, past sev-
eral thousand stars more or less like the Sun. In principle, then,
intelligent beings far from our solar system could learn of our exis-
tence by studying radio waves from space, just as we could discover

?	 any such beings by using similar means.

Conditions for Life in the Universe

The discovery of complex interstellar molecules shows that chemical
processes possibly relevant to the origin of life are ubiquitous, Among
them are formaldehyde and hydrogen cyanide, both of which play
an important role in laboratory experiments directed at recreating;
the chemical evolution that preceded the origin of life. More than 50
different molecules have now been found in molecular clouds, in-
cluding long-chain molecules such as HC 9N. The abundances of the
simpler molecules observed have been explained by ion-molecule
exchange :reactions, but it is not yet certain whether the more complex
molecules require other processes, such as surface catalysis on dust
grains; for their explanation.

1
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When a molecular cloud collapses to form stars and planets, its
complex moleculer may be destroyed, On the other hand, molecules
might survive the extreme conditions encountered during the col-
lapse by condensing onto dust grains: The complex organic molecules
found in carbonaceous-chondrite meteorites may have formed in this
way, Such a process could be critically important for the origin of '- --
life in the solar system, since carbon would otherwise be locked up
as either carbon monoxide or methane gas, which are too light to
be gravitationally bound by planets as small as the Earth. By con-
densing on grains, carbon can be bound into planets, where it: is
available for life.

The synthesis of organic molecules in space will be studied more
intensively in the coming decade, By enabling studies of new mol-
ecules and higher energy states, with increased sensitivity and an-
gular resolution, the millimeter, submillimeter, and infrared instru-
ments recommended in this report offer an opportunity to pursue
the chemistry of carbon in interstellar clouds, and particularly in the
collapsing cores of dark clouds, where stars and planets are believed
to form. Furthermore, they will offer additional opportunities to
study the molecular composition of comets, which are believed to
be samples of the most primitive Material 'in-the solar system.

Planets like our own may be the most likely habitats for life outside
the solar system. However, in view of the lack of confirmation of a
planet orbiting Barnard's star, there is as yet no certain evidence that
any planets exist beyond our solar system. Current theories of star
formation suggest that a fragment of a dark interstellar cloud destined
to become a star would have substantial angular momentum, which
would set into rapid rotation any gas and dust that accompanies the
cloud-to-be-star on its inward gravitational collapse,. The accompa-
nying centrifugal force would resist the inward pull of gravity and
result in a rotating disk of gas and dust that would provide a natural
breeding place for planets, arrayed as ours are, in a great flattened
and rotating system.

So much is speculation; to prove that planets exist near other stars,
we must observe them. This is a formidable task, given the fact that
even the largest planet in the solar system, Jupiter, has only a tenth
of the size and a thousandth of the mass of its parent star, the Sun.
One way a distant observer could detect Jupiter is through its gray
itational pull on the Sun. This effect would cause a variation in the

i radial velocity, of the Sun of a fEw tens of meters per second and,
as observed from a distance of 5 parsecs, a 1-milliaresecond displace-
ment on the solar position. Could we detect a Jupiter-sized
planet around a nearby star? There already exist several techniques

^aMl
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forobtaining radial-velocity measurements of the required precision;
isustained programs of observations of many candidate stars are now

required. Astronomers have expended great effort to make milli-
!

	

	 aresecond-pos tion ;measurements on nearby stars, but until recently
the required precision has not been available. With the development

` of the optical astrometric techniques recommended in this report,
however, it should be possible to observe `man y liars with a precision
exceeding 1 milliaresecond',and by this means to detect Jupiter-sized
planets around nearby stars, if they exist. Space astrometry should
ultimately yield much higher positional accuracy, leading to the still
more interesting prospect of detecting Earth-sized planets. Far-in-
frared interferometric observations from space could also reveal planets

[	 around nearby stars.

i
Search for Extraterrestrial Intelligence

Even if other planets are _detected, it will still be difficult to infer
whether life is present; to do so directly would require imaging the
planet itself with as yet undreamed-of resolution. Only if the planet
harbors intelligent life capable of producing electromagnetic signals
detectable at Earth is there at present any hope of finding life outside

j our solar system. It is a remarkable fact that radio and television
signals generated copiously on Earth could be detected at distances
of many parsecs by civilizations that, like ours, would otherwise
have no way of knowing of the existence of details of the planet that
is our home.

Should the human race search seriously for signals from other
possible civilizations? Much has been written about this question,
both on a technical and a philosophical level. Reception of intelligent
signals from space could have a dramatic effect on human affairs,
as did contact between the native peoples of the New World and
the technologically more advanced peoples of Europe. The effects
would be beneficial, if the information could be deciphered and
should prove generally useful; on the other hand, they could be
harmful if humanity is not ready to use the information wisely.

. The technology is now available to make significant searches of
this kind. The 300-m radio telescope of the National Astronomy and
Ionosphere Center at Arecibo, ,Puerto Rico, is capable of receiving a
message beamed at us from any of the hundreds of billions of stars
in our Galaxy, provided the civilization sending the message were
transmitting with a facility similar to that at Arecibo. Several searches
for such extraterrestrial signals have already been undertaken, so far;
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with negative results, but the rate of improvement of communica-
tions technology is so rapid that each search has been far more
sensitive than its predecessors.

We are entering an era when it is technically possible both to
detect planets around nearby stars and to detect signals from intel-
ligent life on planets immensely farther away, even if we cannot
detect the more distant planets themselves. Both investigations would
bear directly on important scientific questions. Our interest in the
tiny fraction of the matter in the solar system that condensed into
planets is heightened by the fact that life has developed on at least
one of them. Have condensations to planets and the origin of life
occurred elsewhere as well? And has that life evolved into com-
municative intelligence, with which we human beings might be able
to enter a conversation about life in the Universe?

These questions reach far beyond astronomy, and even beyond
science as we currently think of it. Yet astronomers, who are in a
sense commissioned by the public to keep an eye on the Universe,
feel bound to ask them and to point out how we might begin to try
to answer them. It is for these reasons that the Committee recom-
mends that in the 1980's an astronomical Search for Extraterrestrial
Intelligence be initiated as a long-term effort.

3
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ASTRONOMY AND THE FORCES OF NATURE

Energy Sources in the Universe

In the 1970's, physicists have made substantial progress toward re-
alizing an age-old dream—the understanding of all the forces in
nature as different aspects of a single fundamental force. A theory
that unifies electromagnetic and weak nuclear forces has been suc-
cessfully developed along with a comprehensive theory of the strong 	 -
nuclear force; new theories aimed at unifying both of these theories
are now being proposed. Astronomical data have played a role in
these developments and may play an even greater role in the future.

Newtons law of gravitation, formulated in precise mathematical
terms, set the stage for the investigation of the forces of nature that
continues today. We now realize that chemical energy, such as that

f	 released in the burning of fossil fuels, is due to the action of electrical
forces within atoms. Holding electrons in orbits around nuclei just 	 t

is gravitation holds planets in their orbits around the Sun, these
forces release energy whenever an electron drops into a lower orbit.
Magnetic forces result from the motion of electrically charged par-
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ticles. In the 1860's, Maxwell unified electrical and magnetic forces
in a single theory, called electromagnetic theory, which also explains
electromagnetic radiation as a wave that sustains itself through a
constant interplay between electrical and magnetic energy. By the
end of the nineteenth century, both gravitational and electromagnetic
forces were well understood at a certain level.

i Early in the twentieth century a series of important experiments
revealed that the orbits of electrons are qualitatively different from
those of planets. The position of a planet can be predicted precisely
from a knowledge of the gravitational force acting on it, but the best
one can do with an electron is to predict its probability of being at
various possible positions. The impossibility of doing any better,
embodied in Heisenberg's Uncertainty Principle, is an essential fea-
t4re of what is now known as quantum theory. Today, the melding
of electromagnetic theory and quantum theory, called quantum elec-
trodynamics or QED, is unchallenged in its ability to describe elec-
tromagnetic phenomena. A shining goal of contemporary physics is
to bring the understanding of all the forces of nature up to the
standard of QED.

Sunlight is electromagnetic radiation, and the form in which the
energy of sunlight is stored by plants is chemical energy; both forms
of energy are embraced by QED. What about the energy stored in
the Sun, which it emits as sunlight? Early suggestions included elec-
tromagnetic radiation trapped within the Sun, chemical energy stored
in its atoms and molecules, and the energy due to the gravitational
attraction between all of its atoms. However, none of these forms
of energy is adequate to keep the Sun shining for its known age of
4.5 billion years. The solution to this problem was reached in the
early 1920's, when it was recognized that a new form of energy
discovered in the laboratory, nuclear energy—which is released, for
example, when the nuclear force between hydrogen nuclei (protons)
draws them together to form helium nuclei--could keep the Sun
shining for many billions of years.

Nuclear interactions come into play only at very high temperatures;
only then do nuclei have sufficient speeds to overcome their mutual
electrical repulsion. Thus, nuclear forces play a role in astronomy
only where matter is extremely hot, as in the interiors of stars or in
the searing heat of the big-bang explosion. Laboratory studies of
nuclear reactions show that there are actually two types of nuclear
force, strong and weak; the latter is associated with an unusual
particle called the neutrino.
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Two Puzzles; Solar Neutrinos and Hidden Mass

Neutrinos can penetrate the entire Sun, so weak is the force with
which they interact with matter. Detectors placed beside nuclear
reactors, which are copious sources of neutrinos, can record only a
minute fraction of those emitted. Despite the great difficulty of de-
tecting them, the role of neutrinos in astronomical research has be-
come increasingly important.

The current theory of stellar energy generation predicts that large
numbers of neutrinos are produced in the fusion of hydrogen to
helium in the deep interior of the Sun. Because this theory is critical
to our understanding of stellar structure and evolution generally, it
is important to test this prediction by measuring the flux of solar
neutrinos at the Earth. The observed flux of neutrinos is less than
one third of that predicted from the most carefully constructed models
of the solar interior. Among various proposed explanations of this
discrepancy is the possibility that neutrinos behave differently from
what has been assumed until recently.

In a completely different area of research, it has been proposed
that the problem of hidden mass in galaxies might be resolved if the
rest mass of neutrinos were not zero, as usually assumed. From
calculations of the number of neutrinos produced in the big bang,
ne finds that neutrinos could supply the hidden mass in galaxy

clusters if they possess a rest mass about 1110,000 that of the electron.
There are thus two astronomical problems that might be resolved

if neutrinos prove to have properties not previously known. Theo-
retical. physicists have recently suggested a resolution of both of these
problems. The recently developed unified theory of weak and elec-
tromaenetic forces is based on a principle called gauge invariance
and is therefore referred to as "the gauge theory of weak and elec-
tromagnetic interactions." So far it has succeeded in explaining all
the , various phenomena involved with both electromagnetic and weak
nuclear forces.

The gauge theory of weak and electromagnetic interactions in its
original form says nothing about the problems of solar neutrinos or
hidden mass. However, pursuing the principle of gauge invariance
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behind it, physicists have constructed a theory of the strong nuclear
force, called quantum chromodynamics, or QCD. This theory pos-
tulates the existence of elementary particles that combine to form
protons and neutrons, called quarks, The success of QCD in explain-
ing the results of experiments in elementary-particle physics gives
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increasing confidence that it is the correct theory of the strong force
that binds neutrons and protons into atomic nuclei.

Spurred by the success of the gauge theory of weak and electro-
magnetic interactions and of QCD, physicists are now trying to find
an even more general gauge theory, called "Grand Unified Theory,"
that incorporates both. Some theories of this type predict that there
should be the three types of electrons that are actually observed, as
well as three corresponding types of neutrinos, called e, mu, and
tau. In some versions of the theory, e, mu, and tau neutrinos are
regarded as three aspects of the same basic neutrino, which has a
finite rest mass and which oscillates back and forth among its three
aspects. Although the nuclear reactions in the Sun emit only a neu-
trios; according to some Grand Unified Theories neutrino oscilla-
tions would be expected to occur long before the neutrinos reached
the Earth, so that at the Earth one would observe a random mixture
of e, mu, and tau neutrinos. Since the Homestake Mine apparatus
is sensitive only to a neutrinos, a factor-of-3 discrepancy would
thereby be explained.

Oscillations can occur only if neutrinos have a finite rest mass. If
the value of the rest mass were in the right range, it would have a
dramatic bearing on our understanding of the hidd°n-mass problem
and of the ultimate fate of the Universe.

Theories involving several different types of neutrinos are con-
strained by calculations of the properties of the early Universe. If
there were more than about four types of neutrinos, their contri-
bution to the gravitational acceleration in the early Universe would
have been so great that there would not have been sufficient time
for primordial neutrons to decay; there would then be more helium
in the Universe than is actually observed. Thus, current astronomical
observations eliminate some versions of Grand Unified Theories.

A critical experiment endorsed earlier in this report will help to
shed light on the true nature of neutrinos. The gallium solar neutrino
experiment will be sensitive to neutrinos of much lower energy than

Sr.
S

f

6

those measured by the 37C1 detector in the Homestake Mine. The
flux of such lower-energy neutrinos can confidently be calculated
from the observed luminosity of the Sun, independently of the details
Of solar models. If there is a discrepancy between the predicted and
observed values of the solar neutrino flux in the gallium experiment,

'	 it could be an indication that neutrinos oscillate and have a finite
neutrino rest mass.

There may also be powerful sources of high-energy neutrinos among
the many sites of violent activity observed to occur on both stellar
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and galactic scales. Despite the difficulty of detecting such neutrinos
and the weak Fluxes to be expected because of the distances to the
sources, the stud y of energetic-neutrino detectors with possible as-
tronomical applications is appropriate fur the coming decade. An
interesting possibility for such stud y is the proposed obser vation of
neutrino-induced reactions in seawater employ ing arra ys of photo-
multipliers to detect the associated Cerenkov radiation.

Beftrrt , the First Three Mimites

Although astronomical data now available appear to be in agreement
with the predictions of big-bang cosmology , the big-bang model
cannot vet be considered conclusivel y proven, so that it is of the
greatest importance to test its predictions however possible. In par-
ticular, the model predicts that the cosmic microwave background
originated as high-temperature radiation in the first few minutes of
time. As the Universe expanded, according to this view, the radiation
cooled to its present observed temperature, about 3 degrees above
absolute zero. When the Universe was about 1/10,000 of a second
old, its temperature was a trillion degrees, so hot that the radiation
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present created about 100 million proton-antiproton pairs for every
proton now observed, in the Universe, As time passed, these pairs
annihilated, 'leaving behind only the very small fraction by which
the number of protons exceeds the number of antiprotons. Had this
excess not existed, the number of protons in the present Universe
would have been 10 billion times smaller, and there would not have

l

	

	 been sufficient matter in the Universe for the formation of galaxies,
stars, and planets.

What caused the excess of matter over antimatter implied by this
big-bang scenario? Until recently, physicists had regarded the excess
as a fact as inexplicable as the existence of the Universe itself. Re-
cently, it has been suggested that Grand Unified Theories provide
an explanation: very heavy particles present in the first 10-' 1 sec of
the history of the Universe decayed, creating in the process slightly
greater numbers of protons than antiprotons. This prediction can be
tested in a straightforward way, for if protons can be created they
must also decay. As the lifetime of the proton estimated from Grand
Unified Theory is 100 billion billion times the age of the Universe,
physicists are not concerned that the Universe will soon evaporate.
On the other hand, the predicted proton_ lifetime is sufficiently short
that one such decay will occur in a_ton of material each year. Ex-
periments are now in progress to detect such events.

The Limits Of Gravitation

Gravity keeps us on the Earth, binds the Earth to the Sun, and slows
the expansion of the Universe. Newton described it as a force, while
Einstein, in his General Theory of Relativity, interpreted gravitational
forces in terms of the curvature of space-time. Einstein's theory,
unlike Newton's, is believed to be valid for very strong gravitational
fields and for bodies moving close to the speed of light; it is therefore
crucial for an understanding of systems such as neutron stars, black
holes, and the expanding Universe.

The General Theory of Relativity predicts that when any non-
spherical body collapses to form a compact object or a black hole, it
emits a new form of energy called gravitational radiation. Although 	 3

this radiation is predicted to be extremely difficult to detect, several
research groups are now building detectors thousands of times more
sensitive than those available during the 1970's. Parallel efforts to

I	 calculate the amount of gravitational radiation emitted by collapse
k

	

	 indicate that, if the planned development of new instrument concepts
succeeds, we might hope to detect an event within two decades—
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even earlier if there should be a new supernova within the Galaxy.
The recently confirmed, slow decrease in the orbital period of the

' binary pulsar has already been interpreted as the result of gravita-
tional radiation from a close pair of neutron stars.

While efforts to develop a quantum theory of gravitation have not
yet succeeded, there is reason to believe that quantum effects should
occur near blar k holes, where space—time curvature is high. The
quantum theory of elementary particles predicts that even in vacuum,
particle—antiparticle pairs are constantly being produced and anni-
hilated in an interval of time too short to observe. If this effect should
occur near a black hole, one member of the pair may fall into the
black hole before the pair annihilates. Zero-mass particles, including
photons, are created similarly; the black hole thus appears to the
outside world as a source of radiation, ultimately evaporating as a
'result of the energy lost. Black holes of all sizes could have been
created in the big bang; in particular, those having masses about of
10 15 g (the mass of a small mountain on Earth) would just be evap-
orating now, giving rise at the ends of their lives to bursts of gamma
radiation. Such radiation from evaporating black holes has been
searched for, and, although the Gamma Ray Observatory will con-
tinue the quest, so far none has been found. It thus appears that

° primordial black holes with masses less than that of a mountain
cannot make up a significant fraction of the mass of the Universe.

The theory of black-hole evaporation depends on the quantum -
nature of strong nuclear forces but not on the quantum nature of
gravitation. Although no convincing theory of gravitation that in-

' corporates the quantum principle has yet been produced, it is con-
jectured that the quantum effects must become important whenever
the radius of curvature of space—time becomes less than the so-called
Planck length, 10-33 cm. Such conditions are thought to have occurred
in the Universe at times before 10- 4' sec and at temperatures above
1032 deg. Because the energies and temperatures characteristic of
Grand Unified Theories are remarkably close to these values, some
physicists believe that a theory should be possible that incorporates
all four forces in nature into one "Super-Grand" force at energies
only slightly higher than those relevant to Grand Unification. A
prime hope for such a theory is that it will yield, almost as a by-
product, the correct theory of quantum gravitation. Attempts in this
direction have so far met with little if any success, but the devel-
opment-of such a theory could be considered to be the ultimate

i . challenge to physics at present.
The notion of force, as iS law governing matter once created, fails
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to take account of the process of creation itself. Is it possible, as
astrophysics pusheL the frontiers of time back to the moment of
cosmic creation, that the existence of the Universe will be recognized
as a consequence of the nature of the fundamental force? Is it pos"ible
that the potential existence of the world somehow calls it into exis-
tence? Such quQstions, once believed outside the range of science,
are now arising in scientific thought.
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Approved, Continuing, and
Previously Recommended
Programs

TF

As emphasized in Chapter 2, the achievement of the goals for as-
tronomical research presented in Chapter 3 depends heavily on the
maintenance of support for approved and continuing programs; these,
together with programs previously recommended in other National
Academy of Sciences reports for implementation in fiscal year 1982'
and earlier, :form the base of present and planned resources from
which the recommendations of the Astronomy Survey Committee
proceed. Their role in the research of the 1980 's is discussed below
in the following order, which carries no implication of priority:

A. Space Telescope and the associated Saep	 p	 p e Telescope Science
Institute;

B. Second -generation instrumentation for Space Telescope;
C. The Gamma Ray Observatory;
D. Level-of-effort observational programs within the National

Aeronautics and Space Administration:
9 The NASA Explorer satellite program, with a substantial aug-

mentation,
• Research with balloons, aircraft, and sounding rockets, at

enhanced levels of support, and
K The Spacelab program, reaffirming NASA's original strong

commitment to research with the Space Shuttle;
E. Two majorastrophysics facilities for Spacelab:

• The Shuttle Infrared Telescope Facility (SIRTF) and
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• The Solar Optical Telescope (SOT);
F. Facilities for the detection of solar neutrinos;
G, ;Federal grants in support of basic astronomical research at U,S.

universities;
H. Programs at the National Astronomy Centers; and
1. The 25-Meter Millimeter-Wave Radio Telescope.

The remainder of the present chapter illustrates the role that these
programs will play in addressing the major scientific problems of the
coming decade.

A. SPACF TELESCOPE AND THE ASSOCIATED SPACL TELESCOPE
SCIENCE INs'ri ,rurL 	{

The Astronomy Survey Committee regards Space Telescope (sT)
as a project of extreme importance for all of astronomy and rec-
ommends that NASA complete its development and place it into
operation at the earliest possible date. This facility will represent
one of the most momentous advances in astronomical instru-
mentatiorl since Galileo's first telescope.

I Thee launch of ST, now planned for 1985, will provide the first
permanent optical observatory in space. This facility, carrying a
2.4-m telescope of superb optical quality, will take full advan-
tage of the benefits of observing above the Earth's atmosphere:
sharp images unaffected by clouds or atmospheric turbulence,
elimination of airglow, and extension of the spectral range into
the ultraviolet (uv) and near-infrared wavelength regions. ST will

be the first orbiting telescope large enough to carry out studies
of extragalactic objects at the limits of' the observable Universe.
The first complement of instruments on ST will obtain digital
photometric images over the wavelength range 1200-12000 A,
spectra from 1200 to s000 A with a large range of resolutions,
and visible and uv photometry with fast time resolution. The
European Space Agency will provide one of these instruments as
part of a planned international colW-•oration in the ST program.

The results of ST will profoundly affect every branch of as-
tronomy. Identification and photometry of stars fainter than the
twenty-seventh magnitude in the visible and uv regions will
revolutionize extragalactic astronomy. Studies of stellar popula-
tions down to the main sequence can be made in nearby galax-
ies and in almost all of the globular clusters of our Galaxy.. Bright
stars suitable as distance indicators can be observed individually
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in galaxies out to the Virgo cluster, allowing the cosmic expan-
sion to be studied with unprecedented accuracy. The high an-
gular resolution of ST will permit morphological classification of
galaxies with red shifts up to order unity, allowing direct stud-
ies of the evolution of galaxies over the past 5 billion to S bil-
lion years. What kinds ofgalaxies, may be associated with qua-
sars is likely to be determined from an analysis of s'r images. The
question of whether some galaxies harbor giant black holes in
their nuclei may be settled. Galactic astronomy will utilize the
ability to measure the very faint stars in globular clusters and the
Galactic bulge to determine, for example, the mass function of
star formation in various regions of the Galaxy. The imaging ca-
pability of s'r will also open an important new range of investi-
gations within the solar system; for example, diffraction-limited
images at high spatial resolution will permit detailed views of the
structure and dynamics of atmospheric circulation on other
planets.

The spectroscopic capabilities of s'r are equally impressive. Our
understanding of the interstellar medium, revolutionized by ob-
servations with the Copernicus satellite and rocket surveys of soft
x rays, will be further advanced by s'r measurements down to
1200-A wavelength: new observations will be made at much
higher spectral resolution acid in much more heavily obscured
regions all over the Galaxy. ` Most of the known quasars can be
studied spectroscopically in the uv region, permitting critical
comparisons of distant and nearby objects and the use of qua-
sars as probes of the intervening medium. In planetary astron-
omy, the uv spectro5zc.pic capability will permit searches for new
molecules in planetary atmospheres and comets and delineate
their structure. The surface chemistry of planets and asteroids can
also be explored.

The Committee strongly approves NASA's commitment to oper-
ate and support sr through an associated but independent Space
Telescope', Science Institute, which will include 'international par-
ticipation, The Institute will be responsible for the scientific di-
rection of st!, for datf, --eduction facilities, for education concern-
ing use of the instrumentation, and for meeting all research
expenses incurred by the s'r user community; it will also be the
liaison between NASA and the scientific community on matters
concerning the management and improvement of this powerful
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B. SECOND.CENERATION INSTRUMENTATION FOR SPACE
TELESCOPE

Space Telescope is designed to employ interchangeable instru-
ments that can be replaced either in orbit or when ST is re-
turned to Earth, Since ST should exploit all the benefits of the
latest technology, the Astronomy Survey Committee regards timely
upgrading as extremely important. Major changes that can cur-
rently be foreseen include improvements to the ST spectrographs
and the implementation of ST's potential infrared rapability, These
two changes are sufficiently important to merit further discus-
sion.

Both of the first-generation spectrographs on ST employ Digi-
con detectors with one-dimensiona! diode arrays behind a pho-
tocathode. The power of a spectrograph can be increased dra-
matically through use of a two-dimensional detector, in an echelle
format, for example, a wide spectral range is then available in
one high-resolution exposure; for extended objects, spatial infor-
mation is then obtained along the entire slit image. It seems likely
that ,two-dimensional, charge-coupled-device-type detectors with
very low read-out noise and high uv sensitivity will become
available within a few years. This combination of -two-dimen-
sional coverage with high quantum efficiency constitutes an up-
grading of very high priority.

Present ST instruments do not allow observations at wave-
lengths much longer than 1 µm. Although the infrared region will
also be covered by the IRAs Explorer satellite and the powerful
SIRTF Shuttle facility, the large aperture of ST gives it a great
advantage in two crucial areas of scientific investigation. One is
imagery in the near infrared, for which detectors of high quan-
tum efficiency will almost certainly soon become available. The
other is high-resolution spectroscopy throughout those extensive
regions of the infrared to which the Earth's atmosphere is opaque;
this work requires the greater collecting area and angular reso-
lution of ST.. Infrared capability in each of these areas is com-
plementary to both ground- and space-based programs and will
be valuable for a wide variet of critical ro rams rar in fromY	 p g	 'g g	 1

1	 planetary science to cosmology. For example, since the expan-
Sion of the Universe shifts the well-studied optical region into the

I	 infrared for very distant objects, evolutionary studies of galaxies
cannot be complete without infrared data. The Committee there
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fore recommends that NASA develop appropriate infrared instru-
ments to be flown aboard si%

C. THE GAMMA RAY OBSERVATORY

The Astronomy Survey Committee believes that the Gamma Ray
Observatory (GRO) will yield results on high-energy processes that
will be of fundamental importance to the advance of astrophys-
ics during the coming decade. The 1979. 	 report of the Space Sci-
ence Board's Committee oil Astronomy and Astrophysics
(CSAA) recommended that Gko be the next new space-astronomy
mission beyond those already approved by Congress at that time
(A Strategy for Space Astronomy and Astrophysics for the 1980'x, Na -
tional Academy of Sciences, Washington, , D.C., ; 1979). The Sur-
vey Committee joins with CSAA in endorsing this important fa-
cdity and is pleased that GRO is now an approved component of
the U.S. space-science program.

Gamma-ray astronomy permits the study of energy transfor-
mations in critically important processes, such as cosmic explo-
sions, acceleration and interactions of high-energy particles,
gravitational accretion by superdense objects, nucleosynthesis in
stars, and matter-antimatter, annihilation. Because gamma rays
have high penetrating power, they can reach the Earth from parts
of the Universe whose optical or low-energy x-ray emission may
be obscured by intervening matter, such as the center of our own
Galaxy and the central regions of active galaxies.

Observations with GRO will address many important astro-
nomical questions. The SAS -2 satellite and, in Europe, the cos-a
satellite have demonstrated the rich character of the diffuse Gal-
actic radiation, believed to be a result of cosmic-ray interactions
with the interstellar medium. Observations of this emission on a
finer scale with GRO will help to determine the origin and dy-
namic-pressure effects of cosmic rays, to identify large concen-
trations of interstellar gas, and to study Galactic structure.

Numbers of discrete gamma-ray sources have been detected in
previous surveys. While some of these are associated with known
supernova remnants and pulsars, others have not yet been
identified at longer wavelengths and may thus represent a new
class of objects. Additional gamma-ray observations are required
to clarify why some sources are more complex than anticipated.
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cycle, while only one pulse occurs in the radio region; more-
over, neither gamma-ray pulse is in phase with the radio pulse.
Another puzzle is a strong source in the general direction of the
Galactic center, which is indicative of pair annihilation; further
observations are needed to investigate the nature of this source.

GRO can obtain information relevant to nucleosynthesis by de-
tecting nuclear-decay gamma-ray lines of recently synthesized
elements in our own and other nearby galaxies. In the most in-
tense sources it may be possible to record line profiles, from 	 ;#
which one can infer the current rate of heavy-element produc-
tion and information relevant to the densities, temperatures, and
flow velocities in supernova remnants. Regions in which mas-
sive stars are forming may be found through observations of the
lines of isotopes such as 26 Al.

GRO will permit the study of cosmic gamma-ray bursts with
much, greater sensitivity and energy resolution than provided by
any previous or other currently planned mission, thus shedding
new light upon the nature of gamma-ray burst sources.

GRO will also obtain detailed information on the spatial uni-
formity and energy spectrum of the diffuse extragalactic gamma
radiation, providing clues to its origin. Since gamma radiation
may reflect most directly the primary emission process in active
galaxies, GRO observations will contribute to an improved under-
standing of these objects. Studies of time variability at gamma-ray
(and other) wavelengths will yield insight into the active vol-
umes and associated energy densities. High-energy gamma rays
may also be observed from nearby normal galaxies; if so, GRO
data will furnish information on the distributions of cosmic rays
and matter in such galaxies as well.

The Committee agrees with CSAA that the continued develop-
ment and timely launch of GRO is essential to :the pursuit of these
important scientific objectives during the coming decade,

D. LEVEL-OF-EFFORT OBSERVATIONAL PROGRAMS WITHIN THE
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA has developed three modes for carrying out observational
S.
	 •th•	 l	 1 f ff	 th	 E	 Ispace as ronomy w1 1n eve -o -e ort programs. a xp orer

program; balloons, aircraft, and sounding rockets; and the
j Spacelab program. Each of these modes provides a highly effec-

tive and in some cases unique mechanism to address particular
observational problems in astronomy and to test instrument con-
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cepts employing state-of-the-art technology. The Astronomy Sur-
vey Committee regards these level-of-effort programs as the
backbone of observational space astronomy and astrophysics for
the 1980's. The Committee therefore urges the continued, vigor-
ous support of the Explorer program and of research with bal-
loons, aircraft, and rockets, together with a speedy reaffirmation
Of NASA's axiginal strong commitment to the Spacelab program.

The Explorer Program

The Explorer program has been one of the most productive and cost-
effective elements of the NASA space-science program. Its level-of-
effort character has encouraged both frugal management and rela-
tively rapid response to newly perceived scientific opportunities,
providing a highly effective mechanism to exploit new observational
techniques, to explore newly accessible wavelength intervals, or to
study -a particular class of objects. Nearly all of the branches of space
astronomy have had or will soon have their beginnings in Explorer
missions. For example, the present International Ultraviolet Explorer
(IUE) program has provided essentially all of the intermediate-reso-
lution uv spectra available to the world of astronomy. The future
astronomy Explorers now under development or planned give prom-
ise of continuing this high level of pioneering achievement:

• The Infrared Astronomy Satellite (IRAs), a project based on in-
ternational collaboration, will provide a detailed and comprehensive
reconnaissance of those components of the Universe that radiate
most strongly at relatively low temperatures (100-1000 K). Millions
of sources that emit substantially in the 10-100-µm wavelength range
should be detected and their positions determined by IRAs, providing
A wealth of material for an initial survey of regions of active star

j formation as well as of the brightest extragalactic sources. IRAs will
also be able to determine the surface composition of thousands of
asteroids within the solar system.

The Cosmic Background Explorer (coBE) will make definitive
measurements of the 3 K cosmic background radiation, now generally
accepted to be a relic of the radiation generated in the big bang. coBE
will test this conclusion through precise measurements of the inten-
sity throughout the spectrum and of the anisotropy of the radiation.
Deviations from isotropy on the largest angular scales reflect the	 a>
motion of our Galaxy with respect to the large-scale structure of the

awl	 _.._.
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Universe, while deviat;,.ons on angular scales of the order of 10° carry
unique information about the inhomogeneity of the early Universe.

• The Extreme Ultraviolet Explt rer (EUVE) will open for study an-
other major region of the electromagnetic spectrum, from 100 to 912
A wavelength (from soft x rays to the uv region below the Lyman
limit), a primary objective being the completion of an unbiased, all-
sky survey of sources of Euv radiation. EUVE is expected to reveal a
large number of new sources with temperatures in the range 105

-106 'K, furnish broadband spectral information on many other already
known sources, and provide new information on the structure and
ionization state of the interstellar medium over a wide range of
distances from the Sun. This mission can also yield new information
about the lovian magnetosphere and cometary atmospheres.

• The X-Ray Timing Explorer (xTE) will provide important new
opportunities for observations of variability in x-ray sources on time
scales ranging from milliseconds to years. The scientific objectives
of this mission include investigations of the mass, magnetic moment,
and internal structure of neutron stars and degenerate dwarfs; the
physics of accretion disks, plasmas, and stellar magnetospheres; the
geometry of source emission regions; the nature and evolution of
normal stars, through studies of mass loss; the nature of variable
sources, such as x-ray bursters and transient x-ray sources; and the
underlying physics and emission mechanisms in compact extraga-
lactic objects.

The Committee endorses the above mission concepts, which have
been carefully studied and highly recommended by other review
groups. Our concern is primarily for the future of this highly pro-
ductive program. We believe that it is vitally important for NASA to
maintain a strong Explorer program; over the past decade, however,
inflation and other factors have doubled the dollar cost charged to
the Explorer budget for the same real level of effort. The Committee
therefore recommends an augmentation to the Explorer program to
restore it at least to the level of effort of the previous decade. Such
an augmentation will ensure not only the timely flights of the mis-
sions & ascribed above but also opportunities for pursuit of many
other exciting new scientific objectives, as discussed in Chapter 6.

Balloons, Aircraft, and Sounding Rockets

The balloon, aircraft, and sounding-rocket programs have been vi-
tally important to the progress of astronomy and to the development

X14
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and testing of new detector systems later used' on satellites. The
Greenstein report recommended a doubling of support for balloons,
rockets, and aircraft; balloon research has received strong support
by the Balloon Study Committee of the Geophysics Research. Board
(The Use of Balloons for Physics mid Astronomy, National Academy of
Sciences, Washington, D.C., 1976); and balloons, aircraft, and rockets
have been supported by CSAA in its recent report (A Strategy for Space
Astronomy and Astrophysics for the 1980's, National Academy of Sci-
ences, Washington, D.C., 1979). Unfortunately, funding for such
programs has not grown, although the need is ever more acute. The
present Committee supports a vigorous effort in all three areas during
the 1980's to encourage innovative experiments and to obtain promptly
the initial scientific results from recently developed instruments.

The balloon program has been of particular value to infrared, x-
ray, gamma-ray, and cosmic-ray astrophysics, yielding important
contributions to the study of cosmic rays, energetic x-ray spectra, -
low-energy gamma-ray bursts, gamma radiation from the Galactic
center, and far-infrared emission from ionized H if regions. Balloon
detector systems were prototypes for instruments on HEAo -3 and
sAs-2 and for several of those planned for CORE, Spacelab, and GRO.

The balloon program will continue to provide important new sci-
entific results and permit new instruments to be tested in an envi-
ronment similar to that of space. In order to remain productive, this
program should receive an augmentation in funding to compensate

!

	

	 for inflation, to provide larger- balloons for heavier instruments, and
to develop a new balloon system to allow flights of longer duration.

The NASA aircraft program—including the U2 aircraft, the Lear Jet
Observatory, and especially the Kuiper Airborne Observatory (KAo)—

has achieved scientific results of great importance, including the first
observations of far-infrared emission from other galaxies; an impor-
tant series of infrared observations of our own Galactic center; the
study of internal energy sources in Jupiter, Saturn, and Neptune;
the probing of interstellar molecular clouds and ionized regions in
new ways; a primary role in the discovery of rings around Uranus;
and studies of water vapor in the atmosphere of Jupiter and of
sulfuric acid droplets in the clouds of Venus. The KAo and Lear Jet
Observatory not only continue to serve as test facilities for many of
the research instruments and techniques being developed for space-
science applications but also provide the reconnaissance of the field
necessary for future major missions. For example, first-generation

`	 instrumentation for far-infrared and submillimeter-wavelength'spec-
troscopy is now being used on KAo to probe the spectral lines that

`.
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are believed to govern the energy balance in the bulk of the inter-
stellar medium. The full potential of these aircraft observatories un-
fortunately has not been achieved because of a lack of funds for
operations and personnel. A substantial increase in funding should
be provided for KAO operations in particular, not only to compensate
for increased fuel costs but also to permit the greater numbers of
flights required for a more intensive and hence more efficient use of
this outstanding facility.

The U.S, sounding-rocket program has played a key role in ad-
vancing the frontiers of x-ray, ultraviolet, and infrared astronomy,
with achievements including the discovery of the first cosmic x-ray
source (Sco X-1), discovery of x-ray pulsations from the Crab pulsar,
the first measurement of the uv spectrum of a nearby quasar, the
first soft x-ray sky survey, and the first 5-20-µm all-sky survey, which
yielded new information about classes of previously unobserved in-
frared sources. Sounding rockets will continue to provide economical
and effective means for developing new instruments, for testing new
observational techniques, and for exploratory investigations. A strong
sounding-rocket program should therefore be maintained. The Com-
mittee also endorses the extension of observing time for rocket pay-
loads through their placement in temporary orbit by the Space Shuttle
as part of NASA's Experiment of Opportunity Program (EOI').

The Spacelab Program

The Spacelab program will provide new flight opportunities for large
payloads that require servicing and will facilitate observational pro-
grams demanding higher altitudes or flights of longer duration than
can be achieved by aircraft or balloons. Spacelab flights will be par-
ticularly suitable for those facilities (both large and small) that can
gather substantial quantities of data within the relatively short initial
flights of the Space Shuttle; the Solar Optical Telescope and Shuttle
Infrared Telescope Facility described in Section E below are examples.
In its recent report, cited in the preceding section, CSAA recom-
mended a vigorous program of astronomy and astrophysics on Spacelab
with an annual level of effort exceeding that of a typical moderate-
class mission

}

	

	 It is therefore of serious concern that funding for Spacelab exper-
iments and facilities has not yet reached substantial levels; support

I	 for experiments that have already been approved has been signifi
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cantly reduced, and the selection of additional Pi experiments has
been deferred. The Committee is cognizant of the programmatic and
technical problems that have contributed to these decisions. How-
ever, now that flights of the Space Shuttle have begun,, we urge
NASA to re-establish its original strong commitment to a vigorous
Spacelab program as soon as possible.

The Spacelab program will also facilitate the development of large
instruments designed to make initial observations on Shuttle flights
and later to be placed in orbit to carry out more comprehensive
scientific programs, possibly aboard a long-duration space platform.
The augmentation of Spacelab capability by such a space platform
would allow the Shuttle to realize its full potential as a scientific tool.
We therefore support NASA plans for the development of a long-
duration space platform operated in conjunction with Spacelab and
the Shuttle (see Appendix A, Statement Concerning a Space Plat-
form). We furthermore endorse the pursuit of means to extend the
observing time available to rocket-sized payloads through the de-
velopment of a standard module that will allow such payloads to be
placed in temporary orbit during Spacelab missions, without incur-
ring the substantial costs of an active Shuttle interface, such as may
be required for larger payloads.

The Committee also encourages the development of a Solar Shuttle
Facility, composed of several advanced facility-class instruments, to
be used in a coordinated group on the Space Shuttle. These instru-
ments will obtain data critical to an understanding of the fundamental
plasma processes underlying cyclic activit y and transient high-energy
phenomena on the Sun and other stars; their development should
proceed as part of the ongoing Spacelab program, with the Solar
Optical Telescope (so'r) as the first such instrument. A plan for the
addition of succeeding instruments is expected to emerge from the
recommendations of other advisory groups, particularly the cssp.
Among the other instruments proposed for inclusion are a Solar Soft
X-Ray Telescope Facility (SSxTF), a Grazing Incidence Solar Telescope
(GRIST, selected for advanced study by the European Space Agency),
and 'a Pinhole/Occulter Facility for hard x-ray imaging and for the
study of the corona at high resolution (currently under study by
NASA) Still others olar instrum nt su l a tho es f r sUV a d	 mm -e s— c s o n ga a
ray observations and for specialized observations of the extended
corona, long-period photospheric oscillations, and large-scale circu-
lation—should be considered for development as PI instruments or
as additional facilities within the Spacelab program.
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E, TWO MAJOR ASTROPHYSICS FACILITIES FOR SPACELAI3

The Astronomy Survey Committee endorses both the Shuttle In-
frared Telescope Facility (SIRTF) and the Solar Optical Telescope
(SOT) as the first major astrophysics facilities planned for Space-
lab; the order of the following discussion carries no implication
of priority.

The Shuttle Infrared Telescope Facility (SIRTF)

The proposed SIRTF will be the cornerstone of research in infrared
astronomy during the 1980's. The Astronomy Survey Committee joins
with the Space Science Board's Committee on Space Astronomy And
Astrophysics (A Strategy for Space Astronomy and Astropllysres for the
1980's, National Academy of Sciences, Washington, D.C., 1979) in
recommending this facility as the first major infrared telescope in
space.

SIRTF Will permit investigations over the enormous range of wave-
lengths from 2 to 300 µm. For some important types of observations
it will, because of its cryogenically cooled optics, yield a sensitivity
gain of 1000 over the largest existing ground-based and airborne
infrared telescopes; this gain in sensitivity is so large that it is not	 i
unreasonable to expect that siRTr, will make important and unex-
pected discoveries. The multiple, interchangeable focal-plane instru-
ments planned for SIRTF will moreover- greatly increase our ability to

lexplore the evolution of distant extragalactic sources, the physical
'

	

	 properties and chemical composition of molecular clouds and regions
of star formation, the nature of cometary nuclei and asteroids, and

r the structure of planetary atmospheres. For example, SIRTF will be
able to detect infrared sources at the limits of the observable Universe;
on one Shuttle flight, it could gather information on sources of both
large and small red shift, thus permitting a comparison of the en-
ergetics of quasars and galaxies at the earliest epochs of the Universe	 iwith those at the present epoch. Because of its relatively wide field	 1
of view, SIRTF will also be able to carry out efficient surveys of infrared
sources that will help to optimize the observing programs of larger
instruments, such as the New Technology Telescope (NTT), the VL13
Array, and a. Large Deployable Reflector (LDR) in space, which have
narrower fields of view.

SIRTF should be an early and frequently flown payload on Shuttle
sortie missions. It has such high sensitivity that very extensive in-

frared observations can be accomplished even within the relatively



Approved, Continuing, and Previously Recon ►►nended Progranis 	 113

brief, 7-day profile of ad early Shuttle flight, reflight on the Shuttle
makes it possible to fly'sir•,'rF with continually improved focal-plane
instrumentation and detectors. Eventually, however, sucrr flights of
longer duration will be needed to realize the full potential of this
remarkable facility, and the study of such flights is recommended in
Chapter 7.

The Solar Optical Telescope (so'r)

The SOT will carry out solar observations from 1100-A wavelength
into- the near-infrared wave length   reg ►̂on' with high angular resolu-
tion-0.1 aresec at 5000 A 70 km oil Sun) and nearly 0.02 aresec
at 1100A (14 km)—together with very high spectral resolution. Fol-
lowing the recommendations of the_Space Science Board's Committee
on Space Astronomy and Astrophysics (A Strategy for Space Astronony
and Astrophysics for the 1980's, National Academy of Sciences, Wash-
ington, D.C., 1979) and Committee on Solar and Space Physics (Solar-
Systein Space Physics. in the 1980's: A Research Strategy, National Acad-
emy of Sciences, Washington, D.C., 1979), NASA has selected SOT as
the first major astrophysics Facility to be developed within the Space-
lab program.

Solar observations from tii+e ground and from space have 'dem-
onstrated that fundamental processes governing solar phenomena
occur on size scales smaller than can be resolved by present instru-
ments (several hundred kilometers). SOT will achieve a tenfold im-
provement in ,.-patial resolution for the study of these processes. It
will also furnish the stability and , spectral resolution required for
sensitive measurements of radial bulk motions and oscillations of the
solar atmosphere, important for an understanding of the convective
processes that control magnetic and atmospheric structure and the
11-year cycle of sunspots and solar magnetic activity,

SOT will also measure flare phenomena with unprecedented pre-
cision. Numerous ionic emission lines characteristic of flare-produced
plasmas fall within the spectral range of SOT; measurements of these
lines will provide a unique picture of the energy-release process that

l is believed to heat the chromospheric plasma to x-ray incandescence.
Such observations may, for the first time, allow the metastable mag-
netic-field. configurations that precede a flare to be determined with
a spatial resolution approaching 20 km.

As new focal-plane instruments are developed and installed for
later flights, the scientific impact of SOT will broaden to encompass
most other major areas of solar research, including the structure and
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dynamics of the solar convection zone; the dynamo responsible for
the solar magnetic field and the solar activity cycles; and the ther-
modynamic structure and dynamical 'behavior of the solar photo-
sphere, chromosphere, transition region, and corona. A more com-
plete understanding of these solar properties should also lead to a
better understanding of physical processes in high-temperature plas-
mas, energy-release mechanisms in other objects such as quasars,
and activity cycles in ,other stars.

F, FACILITIES FOR THE DETECTION OF SOLAR NEUTRINOS

orous support forprograms to detect and measure
continued ,hfl ofThe Astronomy Survey Committee recommends
re the flux of

neutrinos from the interior of the Sun. Additional facilities are 	 e
needed to supplement the data currently being obtained by 37CI

detectors at underground sites, and the use of a neutrino detec-
tor employing substantial quantities of gallium presents a partic-
ularly attractive opportunity to broaden our knowledge of the
solar-neutrino energy spectrum. Detectors employing 7U and 151n
may also become feasible during the coming decade.

The observation of neutrinos produced in the interior of the
Sun is our only direct source of information about the process of
stellar energy generation, which is of fundamental importance to
an understanding of the structure and evolution of the Sun and
other stars. Experiments of the past decade employing 37C1 de-
tectors at underground sites suggest strongly that relatively high-
energy neutrinos from the solar interior are arriving at the Earth
at no more than one third of the rate predicted by theory. AI-
though this finding has prompted searching re-examination of the
theory of stellar energy generation, of currently accepted models
for solar structure, and of neutrino physics itself, no generally

-	 accepted explanation for the discrepancy has yet been found. The
^. revision of present concepts in any one of these three areas of

inquiry would have profound implications for astronomy and
astrophysics.

It is important that the 31C  experiments be continued and re-
fined so that they may yield more precise data. At the same 	 }

l	 time, it is essential to pursue the solar-neutrino-problem with
additional, complementary experiments aimed at recording those 	 1
neutrinos produced in other chains of nuclear reactions inside the
Sun. The use of substantial quantities of gallium as a detector
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offers mn outstanding opportunity in this regard and permits the
concurrent test of relevant neutrino properties as well. For a
conclusive measurement of the solar-neutrino flux in the coming
decade, approximately 50 tons of gallium will be required; how-
ever, the gallium will not be consumed during the experiment
envisaged and may be sold at its completion.

A pilot experiment employing 13 tons of gallium was suc-
cessfully completed during the summer of 1980, The U.S. De-
partment of Energy and the Max Planck Institutes in Germany are
now supporting the development of a larger detector that will be
calibrated with a laboratory source of neutrons produced in a
reactor. The Committee urges continued financial support of the
gallium-detector experiment by this international collaboration. and
the completion and operation of the full gallium neutrino detec-
tor at the earliest opportunity.

G. FEDERAL GRANTS IN SUPI'Owr OF BASIC ASTRONOMICAL.
RESEARCH AT U.S. UNIVERSITIES

The Astronomy Survey Committee recommends the continuation
of programs of federal grants in support of basic astronomical
research at U.S. universities. The most important of these are the
grants program of NSF's Astronomy Division and grants awarded
through NASA's Research and Analysis Program (formerly the
Supporting Research and Technology Program); the research needs
of the 1980's will require substantial increases in both of these
funding sources.

U.S, astronomical research; is carried out in a number of dif-
ferent types of organizations, including federal laboratories, the
National Astronomy Centers, privately endowed research insti-
tutes, private industry, and private and state universities. The
diversity of these organizations is one of the strengths of the
national research effort in, astronomy; for example, U.S. research
in radio, x-ray, _ and uv astronomy was initiated at federal and
industrial laboratories, while optical astronomy_ started much ear-
lier_in universities and research institutes.

Vigorous programs of basic astronomical research at U.S.
universities are of special importance in this overall effort be-
cause universities are responsible for the training of future re-

I	 search scientists and teachers of astronomy and, through their
teaching programs, for the dissemination of the latest scientific
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results to students and the general public. In this process, the
interaction of established astronomers with bright young people
stimulates many new ideas for research and for the develop-
ment of new techniques. The great majority of visiting astrono-
mers who use the National Astronomy Centers are university 	 9

scientists; the overall scientific productivity of the Centers is thus itself
heavily dependent on the quality of the university research environ-
ment, The strength and vigor of university research in turn depends
decisively on federal support through grants to university scientists,

Federal support of university research in astronomy flows from
a number of sources, The most broadly distributed and critically
needed support of university research comes from grants awarded
through NASA's Research and Analysis (R&A) Program, which is
essential to the health of U.S. space astronomy, and fror. t the
grants program of Nsr's Astronomy Division, which pro !ides
support to greater numbers of U.S. university astronomers than
any other federal funding source.

NASA's R&A program- has been highly effective in supporting
basic research of importance to the planning of space-science
missions. Those fields of astronomy that are restricted to obser-
vations from balloons, rockets, aircraft, or space vehicles-such as
gamma-ray, x-ray, and uv astronomy, together with cosmic-ray stud-
ies—rely almost totally on R&A funding for initial research efforts.
The R&A program has been critical for the development of instru-
mentation, detectors, and other hardware for space astronomy and
will continue to play this key role throughout the coming decade;
R&A support of theoretical astrophysics should also increase sub-
stantially in the years ahead.

NSF's mission to support U,S. ground-based astronomy finds a
particularly effective expression at the universities through the
Astronomy Division grants program, which is the primary source
of opt-rating funds for many of the nation's major university-op-
erated radio-astronomy observatories and which also provides
extensive support for instrumentation at many ground-based op-
tical observatories operated by universities. Most theoretical as-

p trophysics in the United States is also supported through the Nsr

grants program (with a small but increasingly important contri-
bution by NASA). The purchase of comp'ters, the development of
detectors, the construction of instrumentation, and the support of

€

	

	 technical personnel are other examples of the critically important
needs met by Nsr` grants program.

e Finally, both the R&A program of NASA and the NSF grants
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program are essential for the effectiveness of university research
activities, providing funds for travel, publication costs, and com-
putation, together with student, postdoctoral, and—in the sum-
mer—faculty salaries, These funds, which are awarded on the
basis of merit, reach an extremely wide range of the U.S, astro-
nomical community and foster a cooperative spirit that benefits
all involved. The universities provide the research environment
and academic-year salaries to scientists; NASA and NSF provide
these scientists with the appropriate tools for research.

For these reasons, the NASA and NSF grants programs will
continue to be essential to the health of basic astronomical re-
search at U.S. universities in the coming decade. Substantial in-
creases above present funding levels in both programs will be
necessary to provide for expanded needs for instrumentation and
detectors, theory and data analysis, computational facilities, lab-
oratory astrophysics, and technical support at ground-based ob-
servatories, as discussed in Chapter 5.

t

If. PROGRAMS AT THE NATIONAL ASTRONOMY CENTERS

The Astronomy_ Survey Committee recommends the vigorous'
support of programs carried out at the National Astronomy
Centers. Five of the Centers receive support from NSr's Astron-
omy Division:

t	 `
•I Sacramento Peak Observatory, one of the nation's leading in-

t't t'	 f'	 o	 d-b	 d b	 t'	 I	 h'	 I	 h's 1 u ions or gr . ►t ase o serva porn researc In so ar p ysics,
•^ Kitt Peak National Observatory, operator of the most heavily

Util i zed and broadly instrumented collection of optical and infrared
telescopes generally available to American astronomers;

* , Cerro Tololo Inter-American Observatory in Chile, a vital optical/
infrared window on the southern hemisphere of the sky, operated
with the cooperation of Chilean astronomers, who share in the ob-
serving, time;

• National Astronomy and Ionosphere Center, operator of the
world's largest (300-m) single-dish radio telescope at Arecibo, Puerto
Rico; and

• National Radio Astronomy Observatory, operator of the nation's
most varied collection of radio-astronomy facilities, including the

f

	

	 Very Large Array (VLA) and, in the future, the 25-Meter Millimeter-
Wave Radio Telescope.

a	 ,
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The three remaining Centers receive federal funding through other
channels:	 -

i High Altitude Observatory of the National Center for gtmos
phenc Research, funded by N$F's Atmospheric Sciences Division for
studies of solar physics;

• The recently completed 3-m Infrared Telescope Facility on Mauna
Kea, operated as a national facility by NASA; and

• The Space Telescope Science Institute, recently established by
NASA at The Johns Hopkins University and charged with the future
scientific direction of Space Telescope (sr), together with oversight
of support for ST users. a

The continued health of U.S. astronomy depends on the proper
balance between programs carried out at private and state observa-
toriesand those at the National Astronomy Centers. The National
Center programs must weigh fairly in this balance for a number of
reasons. The Centers furnish the only facilities available to all the
nation's astronomers without the necessity of contract or grant sup-

{ port. They are able ! to provide resources on the scale needed to
operate the largest telescopes as nationally accessible facilities. Be-
cause the user community is able to exert a decisive influence on the
initiation and guidance of scientific research efforts, the National
Center programs are highly responsive to the needs of the astro-
nomical community. Finally, the National Centers design and de-
velop instrumentation that later benefits research groups across the
nation. It is thus essential to preserve and strengthen the research
capabilities of the National Astronomy Centers.

The decade of the 1970's saw a major expansion and upgrading
of the observational facilities operated by the National Astronomy
Centers for the benefit of the astronomical community. During the
1980's, however, the operations budgets of those centers serving as
sites for additional new instruments will have to be increased if the
potential of these new facilities is to be realized. Although in some
cases economies could be effected through the closing of older Center
facilities as new ones become operational, it must also be borne in
mind that telescopes do not "wear out." When equipped with mod-
ern instrumentation and detectors, older telescopes will continue to

f i provide 'excellent research opportunities at low cost. Moreover, re-
search opportunities for many Center facilities, both new and old,
will expand during the coming decade in response to the scientific
challenges to be presented by the next generation of astronomical

1
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observations from space. Meeting these challenges will require a
vigorous, coordinated program of observations from ground-based
observatories covering both hemispheres of the sky. Critically im-
portant in such a program will be the contribution of the Cerro Tololo
Inter-American Observatory; this facility and the privately operated
Las Campanas Observatory are the only two major southern-hemi-
sphere observatories regularly available to U.S. astronomers.

The Committee believes that the National Centers must have strong
resident scientific staffs to initiate and guide instrument-development
effoAs, to assess the performance of observatory equipment, and to
assist visiting scientists. To maintain their expertise, such staff mem-
bers should be encouraged to engage in forefront research of their
own and given adequate opportunities to do so.

The National Centers face a difficult task in responding tc the
diverse needs of a heterogeneous user community. They will co;I-
tinue to need the strong support and encouragement of sponsoring
federal agencies in the decade ahead. The Centers must be funded
at a level that not only provides for the maintenance of existing
facilities and staff but also permits the acquisition of appropriate new
equipment in addition to the major capital expenditures recom-
mended by the Astronomy Survey Committee.

t. THE 25-METER MILLIMETER-WAVE RADIO TELESCOPE

The Astronomy Survey Committee supports the construction of
a 25-Meter Millimeter-Wave Radio Telescope as provided in the
long-range plan of the Astronomy Division of the National Sci-
ence Foundation and as had been recommended, J r an earlier
form, in the Greenstein repjrt (Astronomy and Astrophysics for the
1970's, National Academy of Sciences, Washington, D.C., 1972).
The rapid completion of this facility and its associated instru-
mentation will be important to continued U.S. progress and
leadership in millimeter-wave astronomy during the coming dec-
ade.

Studies of star formation, mass loss from stars, the interaction
of galaxies with their environment, changes in the nonthermal
luminosity of energetic objects, and other important astrophysi-
cal processes provoke questions that can be best addressed by
observations made at millimeter wavelengths, from 1 to 10 mm,
or 30-300 GHz in frequency. For example, the study of star for-
mation benefits from millimeter-wave observations because even
optically opaque interstellar clouds are transparent to radiation at
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millimeter wavelengths, and many of the emission lines of the
molecules found in clouds lie in the millimeter spectral region.
These molecular radiations provide detailed information about the
obscured regions containing the molecules, including the extent, 	 1

motions, densities, and temperatures of interstellar clouds. This
information—particularly when supplemented by the results of 	 }
infrared photometry and spectroscopy--can provide remarkable-
insights into the star-formation process itself.

The discovery at millimeter wavelengths of more than 50 mo-
lecular species in interstellar clouds has generated a new field 'of
astronomical research, astrochemistry, directed toward under-
standing the formation and chemistry of interstellar molecules and
elucidating the role they play in the collapse of interstellar clouds
to form stars.

Millimeter-wave continuum observations provide an important
probe of the Universe as a whole. For example, x-ray observa-
tions show that many clusters of galaxies are pervaded by dif-
fuse gas having temperatures between 107 and 10" K millimeter-
wave observations of the microwave background toward such
clusters may reveal depressions in the intensity arising from in-
verse-Compton scattering of the microwave background by the
electrons in the hot gas. X-ray and millimeter-wave observations
of the same objects can be combined to provide a determination_
of the value of the Hubble constant that is independent of other
methods.

Because of the importance of such studies to astronomy, the
Committee believes it essential to undertake a greatly expanded
program of millimeter-wave astronomy during the coming dec-
ade. Unfortunately, present U.S. single-dish millimeter-wave
telescopes have inadequate angular resolution and collecting area,
are not sufficiently precise to allow observations at the shortest
wavelengths desired, and have restricted sky coverage because of	 j
their northerly locations. The 25-Meter Millimeter-Wave Tele-
scope will largely remove such restrictions. The Committee notes 	 j
that Great Britain, France, West Germany, and Japan are also
planning or constructing major new millimeter-wave facilities;
these initiatives reflect a worldwide recognition of the impor-
tance of this area of research. The United States 25-m telescope

l will be larger, or will have greater sky coverage, or will operate
at shorter wavelengths than these other new instruments, per-
mitting the United States to maintain its leadership in this excit-
ing and highly productive field.
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Prerequisites for
New Research Initiatives

In order to be effective, the recommended new research initiatives
for the coming decade must be supported by a set of Prerequisites;
these are essential for the success of all the major programs but are
inexpensive by comparison. Although significant support already
exists for each, the Committee strongly recommends substantial aug-
mentaiions in the following areas, in which the order of listing carries
no implication of priority:

A. Instrumentation and detectors,
B. Theory and data analysis,
Q. Computational facilities,
b. Laboratory astrophysics, and
E, Technical support at ground-based observatories.

The present chapter discusses the importance or these support ac-
tivities to the major research directions of the 1980's.

A. INSTRUMENTATION AND DETECTORS

The;'Astronomy Survey Committee recommends significantly ex-
panded support for instrumentation and detectors during the
coming decade as the most cost-effective way to increase the ca-
pabilities of both new and existing telescopes.

The past decade has seen spectacular advances in detector and

123
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instrumentation technology, resulting in two-dimensional array
detectors for optical, ultraviolet, and x-ray wavelengths, and large
gains in sensitivity in virtually all wavelength regions. Further
development of this technology on.. all f ronts is imperative for the
efficient utilization of both ground-based telescopes and space
facilities. Improvements in ancillary instrumentation, such as
spectrometers, interferometers, and radio-frequency local oscilla-
tors, will also be important. As in the past, support for all of
these activities should come from a broad base, including the
National Sciences Foundation (NSF) grants program, the National
Aeronautics and Space /.administration's (NASA's) Research and
Analysis program, and funding provided through the National
Astronomy Centers. The potential gains are enormous, and the
cost is small compared with that of major new facilities.

A major detector-development program also exists in the mili-
tary community, especially for infrared detectors. Rapid: declassi-
fication of the results of military research and development in this
area would be of immense value to astronomy. An efficient
means of transferring such declassified technology to the astro-
nomical community is urgently needed.

In many instances a technological breakthrough is only the first
i step—one must next ensure an adequate supply of new compo-

nents to the astronomical community at reasonable cost. Com-
mercially available devices may not be well suited to astronomi-
cal needs, which usually include maximum sensitivity together
with the lowest possible background noise. Often, however,
commercial devices can be modified effectively and inexpen-
sively. University laboratories and private industry can contrib-
ute to these developments, and such initiatives should be en-
couraged.

The most critical needs for new detectors and instrumentation
during the 1980's are highlighted below; a more complete dis-
cussion of these and other projects can be found in the Panel
Reports, to be published as a Volume 2 of this survey.

s 1. Infrared array detectors. Infrared imaging and spectroscopy
from the ground and from space would be enormously ad-
vanced by the introduction of array detectors in the 1-30-µm
range,. which are now being developed for military purposes but

	

f	 which have not yet become astronomical tools. They should be

	

F	 reviewed for timely declassification and adaptation to infrared-
z	 astronomy.
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2, Charge-coupled device (CCD) array detectors for the optical,
ultraviolet (uv), and x-ray regions. With nearly 100 percent
quantum efficiency, high geometric stability, and relatively low
readout noise, CCD arrays can be nearly perfect detectors in the
optical region; for optical-astronomy applications, how;'ver, the
devices should have larger area, larger pixels, lower noise, im-
proved blue response, and greater adaptability for large, close-
packed mosaics than at present. Tile wavelength coverage of such
detectors can be extended to the uv region by the application of
high-efficiency phosphor coatings, although this should be tested
further.

Two-dimensional solid-state array detectors are of special value
in x-ray observations, since the amount of charge created in the
detector is a measure of the energy of each incident photon, so
that imaging and low-reSOILIti011, spectroscopy can be carried out
simultaneously. Further development should pursue the goal of
detecting each individual photon with an energy resolution ap-
proaching the theoretical limit.

3. Millimeter- and submillimeter-wavelength radio receivers. At
high radio frequencies (including those sometimes considered to
lie in the far-infrared region), the greatest need is for more sen-
sitive coherent detectors. Cryogenic metal-semiconductor junc-
tions (Schottky barriers), InSb mixers, and superconducting junc-
tions will all require further development and increased funding
during the 1980's.

4. Gamma-ray detectors. Particular needs include greatly in-
creased flux sensitivity over the entire range, better energy reso-
lution for emission-line spectroscopy, and higher angular resolu-
tion to correlate gamma-ray sources more precisely with . sources
observed at other wavelengths.

5. Cosmic-ray detectors. High sensitivity and resolution are
needed to investigate elemental and isotopic compositions
throughout the entire periodic table, particularly for heavy ele-
ments, whose abundances are extremely low. Devices of very
large area are needed to measure the low fluxes expected at
energies in the tera-election-volt range

6. Optical and ultraviolet instrumentation. Greatly increased
efficiency in multiobject optical spectroscopy of faint objects can
be achieved using multichannel spectrometers. Increased atten-
tion should also be given to the use and development of highly
reflective optical coatings at all wavelengths, notably in the far uv
region.
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B. THEORY AND DATA ANALYSIS y

The Astronomy Survey Committee recommends support for an
expanded program of theoretical astrophysics and data analysis
during the coming decade in response to the rich accumulation
of data expected from both ground-based and spacecraft obser-
vatories.

3

Astronomy is a field in which new observational discoveries are
often	 unanticipated;	 their	 interpretation	 and	 eventual	 under-
standing require the incorporation of an ever-increasing range of
physical processes and concepts into astronomy. Theoretical
modeling, usually with the aid of modern computers, is neces-
sary to extritpolate the results of laboratory experiments into to-
tally unfamiliar astrophysical environments. Without extensive and ?'
imaginative theoretical analysis, the observational data by them-
selves are often without apparent pattern or meaning. Further-
more, the new facilities to be put into operation during the 1980's
promise to produce data of unparalleled richness and complex-
ity,	 necessitating ever more sophisticated 	 theoretical interpreta-
tion. The Survey Committee thus shares the view of the Panel on
Theoretical and Laboratory Astrophysics that the use of these new
facilities will stimulate a correspondingly increased level of theo-
retical activity. Funding agencies should therefore prepare to re-

1	 spond to an increased demand for the support of theoretical as-
trophysics.

Theoretical astronomical research of the broadest scope has been
supported primarily by the NsF Astronomy Division. Such sup-
port is critical to astronomy and should be increased. A level of
funding 50 percent greater than the present level, as a fraction
Of NSF astronomy support, is a desirable goal. Implementation
could be strengthened by the establishment of a program direc-
tor for theoretical astrophysics, as recommended by the Panel

It is inappropriate that the NSF Astronomy Division bear the
burden of supporting the basic theory needed for a balanced
program in space astronomy. We recommend that NASA estab-
lish a strong, broad program in theoretical astrophysics compa-
rable in scope with the NSF program, as NASA has already done

a	 in the area of theoretical solar—terrestrial physics.
It is important that this support include a grants program for

theory designed to further NASA's overall mission for space-sci-
ence research but that is funded independently of specific in-

i	 strumental programs .. Such a grants program is necessary to en-
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courage theoretical studies that relate results of different space-
science missions to each other and to the results of ground-based
astronomy, as well as to incorporate them fully into the concep-
tual framework of astronomy and physics. At the same time,
however, NASA should adequately support the analysis and
interpretation of data obtained from specific missions; since this
activity naturally inc; des theoretical interpretation, a significant
fraction of NASA support for theory should continue to be funded
through channels identified with specific instrumental programs.

The Committee believes that the effectiveness of the National
` Astronomy Centers would be enhanced by the presence of strong

in-house theoretical groups. These groups should support the
activities of the Center user communities and should have a
.,umber of permanent staff theorists above the critical minimum,

E as do the Department of Energy national laboratories for re-
search in high-energy physics; it is particularly important that the
newly established Space Telescope Science Institute have a strong

i in-house theoretical staff. Such theoretical groups should be built
up carefully in order to ensure appointments of the highest
quality.

c COMPUTATJONAL FACILITIES

The Astronomy Survey Committee recommends that the acquisi-
tion of minicomputer and enhanced-minicomputer systems by the
U.S. astronomical community be substantially accelerated. About
30 such systems, to be replaced by more advanced systems at
intervals of approximately 6 years, are required for data reduc-
tion, image processing, and theoretical calculations during the
coming decade. However, as some forefront theoretical problems

7 will still require the largest and fastest computers available, the
Committee also recommends that federal agencies take steps to
provide continued access of the U.S. astronomical community to
such machines.

The increasing use of digital imagery in astronomy is already
producing a flood of valuable data requiring the extensive use of
computers for reduction and analysis. By about 1985, most ma-
jor telescopes will be equipped with CCD array detectors, the Very

i	 Large Array will be in full operation in both, continuum and
r spectral-.line modes, Space Telescope will be launched to carry out

a rich observational program in optical and uv astronomy, and
there will be increased use of microdensitometers to generate
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digital images from photographic plates, All together, as many as
a million images may be generated each year. If the scientific
content of these images is to be extracted efficiently, it is im-
perative that astronomers improve their capabilities for image re-
duction and analysis. Advances in computer technology now
make it possible to exploit the scientific opportunities afforded by
new imaging technologies at modest costa

We stress that image processing is only part of the total pic-
ture: the inherent complexity of astrophysical phenomena to-
gether with the greatly improved ability to measure these phe-
nomena require increasingly sophisticated analytical techniques for
the interpretation of observations. Astronomical phenomena typi-
cally involve an intricate interplay of several strongly nonlinear
effects. In such situations, theoretical modeling by digital com-
putation often provides the only practical approach to under-
standing, The demand for computational facilities for theoretical
modeling will ,increase in parallel with the demand for image-
processing facilities in the 1980's. Here again, advances in com-
puter technology allow the important scientific opportunities for
detailed theoretical modeling to be exploited at a modest cost.

Computational capability will continue to be provided through
three main sources: university computer centers, large com-
puters operated by national laboratories and observatories, and
dedicated minicomputers and superminicomputers. Computers at
national laboratories and observatories constitute a unique and,
vital resource for handling some theoretical problems, and their
shared use by astronomers should be encouraged and ex-
panded, :In recent years, however, new computer technology has
brought about a dramatic shift in the capability and cost-effec
tiveness of minicomputers in comparison with the large central
computers operated by university computer centers. Minicompu-
ters and superminicomputers are now able to handle almost all
image processing, as well as many theoretical calculations. Their
cost-effectiveness compares favorably with that of the computers
operated by national laboratories and observatories and often
exceeds by a large margin that of many university computer
centers. Furthermore, they provide the flexibility and interactive
capability necessary for creative interpretation of observational data
and theoretical results. (These new computational opportunities
have been recognized not only in the United States but also
abroad; in 1979, for example, the United Kingdom's Science and
Engineering Research Council established a network of six linked

f
c
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minicomputers to meet the image-processing requirements of U.K.
astronomers during the 1980's.) In order for these facilities to
operate effectively, attention and support must also be given to
the standardization and sharing of software for the most com-
monly encountered calculations.

The Committee believes that the ,acquisition by the U.S. astro-
nomical community of dedicated minicomputer and supermini
computer-based computational systems should be substantially
accelerated. However, the Committee also recognizes the exis-
tence of computational problems of outstanding importance to
astrophysics that can be attacked only with the most powerful
computers. We urge NSF and NASA to help ensure that qualified
astrophysicists continue to have access to the largest and most
sophisticated computing equipment available.

D. LABORATORY ASTROPHYSICS

The Astronomy Survey Committee recommends expanded sup-
port for the laboratory measurements of atomic, molecular, and
nuclear properties needed for the interpretation of nearly all as-
tronomical observations, Federal agencies should furthermore co-
ordinate their efforts in providing such support and should take
explicit account of the need for laboratory astrophysical d:-ita in
the planning of future scientific activities and missions.

The accuracy with which physical conditions can be inferred
from spectroscopic observations depends directly on the breadth
and precision of the data available for atomic, molecular, and
nuclear processes. The laboratory research that yields these data
has not been funded adequately during the past decade, with
increasingly damaging consequences for astronomical investiga-
tions. For example, uncertainties in solar opacities have hin-
dered precise predictions of solar neutrino emission, thereby
throwing doubt on an important scientific test of our under-
standing of stellar structure and evolution; lack of accurate mo-
lecular data is an obstacle to the quantitative understanding of
physical and chemical processes in interstellar clouds and pre-
vents confident use of remotely sensed spectra for an under-
standing of planetary atmospheres.

The funding of laboratory astrophysics has suffered- from an
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ing needs of astronomy. A strong stimulus is needed to attract
a greater fraction of existing laboratory talent to problems re-
lated to astronomy.

The 1980's will see the deployment of powerful new instru-
ments for astronomical Spectroscopy and a resulting unprece-
dented growth in the quality and variety of astronomical spec-
troscopic data. An allied growth in laboratory astrophysics will be
required to utilize these new data fully. Expanded support by NSF
will be needed in tht years ahead. We also recommend that NASA
make an increased effort in its mission-planning and Research and
Analysis programs to fund the laboratory measurements in basic
physics and chemistry that are needed for the interpretation of
astronomical observations from space. Of particular importance to
NASA missions are studies of highly ionized atoms relevant to uv
andx-ray spectroscopy, of molecular physics relevant to infrared
and radio spectroscopy, and of heavy-nuclei interaction cross
sections relevant to cosmic-ray isotope and element spectros-
copy.

The Committee believes that NSF, NASA, and the Department of
Energy should develop coordinated programs for the support of
research in atomic, molecular, and nuclear physics, which are of
interest to astronomy and to other branches of science, and
should also support interdisciplinary workshops and symposia. We
furthermore urge NSF to increase its efforts to encourage labora-
tory astrophysics by coordinating the relevant activities in the
Astronomy and Physics Divisions.

Finally, we urge the National Bureau of Standards (NBS) to in-
crease its support of basic studies in atomic and molecular physics
and of laboratory astrophysics. These NBS programs have con-
tributed importantly to many fields of pure and applied physics
as well as to astronomy, and they provide an environment in
which vital cross-fertilization among these fields can occur.

E. TECHNICAL SUPPORT AT GROUND-BASED OBSERVATORIES

The Astronomy Survey Committee recommends expanded sup-
port for the technical personnel needed to ensure the develop-
ment, maintenance, and enhancement of modern astronomical
instrumentation at ground-based observatories.

The efficient progress of optical, infrared, and radio astron-
omy in the coming decade is dependent on improvements in the	 j

i	 instrumental capability and continued productivity of ground-based	 j
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observatories, Recent advances in instrumental techniques and
control systems, together with those ` foreseeable in the near fu-
ture, represent a potential for greatly increasing the capability of
both( large and moderate-sized telescopes. These advances, how-
ever, are worthless to astronomy unless observatories have the
means to develop, implement, and maintain the working instru-
ments that take advantage of them.

The present shortage of technical personnel who are able to
assist in the development of instrumentation, as well as in its
maintainance and improvement, is a major difficulty. We urge
that funds be allocated to support such personnel, with the strong
proviso that the award of such funds should proceed through the
normal peer-review channels and that the basis of the award_be
the excellence of the science proposed with the instrumentation
in question.

Small institutions and small telescopes should no: be excluded
from such awards but should be supported , if the scientific pro-
posals have merit. The modernization of small instruments at
reasonably good sites can help alleviate the pressure on large
telescopes in an extremely cost-effective way, and it provides a
unique resource for small-scale but highly innovative research.

}





6
New Programs

{
a

The New Programs recommended, by the Committee for approval
and funding during the coming decade have been divided into three
categories according to the scale of resources required for their com--
pletion.

t,
A. Major New Progrmns The Committee believes that four major

programs are critically important for the rapid and effective progress 	 j
of astronomical research in the 1980's and is unanimous in recom-
mending the following order of ,priority:	 g

1. An Advanced X-Ray Astrophysics Facility (AxAF) operated as a
permanent national observatory in sr.ace;

2. A Very-Long-Baseline (vrs) Array of radio telescopes designed
to produce images with an angular resolution of 0.3 milliarc-
second;

3. A;New Technology Telescope (NTT) of the 15-m class operating
from the ground at wavelengths of 0.3 to 20 µm, with rel-
evant design studies to be undertaken immediately; and

4. A Large Deployable Reflector (LDa) in space, for spectroscopic
and imaging observations in the far-infrared and submilli-
meter regions of th spectrum that are inaccessible to study
from the ground.

t:
B. Moderate New Programs in rough order of priority, these are;
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1. An augmentation to the National Aeronautics and Space
Administration (NASA) Explorer program,

2. A far-ultraviolet spectrograph in space,	 1
3. A space vLB interferometry antenna in low-Earth orbit, 	 1
4. The construction of optical/infrared telescopes in the 2-5-m

class,
5. An. Advanced Solar Observatory in space,
6. A series of cosmic-ray experiments in space, and
7. An astronomical Search for Extraterrestrial Intelligence (SGri).

C. Small New Programs The program of highest priority is:
• A 10-m submillimeter-wave antenna.

s.

Other programs of outstanding scientific merit, in which the order
of listing carries no implication of priority, are as follows:

• A spatial interferometer for the mid-infrared region, 	 j
• A program of high-precision optical astrometry, and
• A temporary program to maintain scientific expertise at U.S.

universities ,during the 1980's through a series of competitive
awards to young astronomers. 	 o

A. MAJOR NEW PROGRAMS

1. Advanced X-Ray Astrophysics Facility

The Astronomy Survey Committee recommends the construction of
an Advanced X-Ray Astrophysics Facility (AxAF) to be operated as a
permanent, national observatory in space and urges the National	 1
Aeronautics and Space Administration (NASA) to begin its develop-	 1
ment in time to ensure AxAF operation by the end of the decade. 	 j

In less than 20 years, x-ray astronomy has advanced from the
discovery of the first extrasolar x-ray source (through a brief, ex-
ploratory rocket ;experiment) to the detailed study of thousands of
Galactic and extragalactic sources with the image-forming x-ray tele-
scope on the Einstein (HERO -2) Observatory. X-ray observations have
revealed important new classes of astronomical objects and have
dramatically advanced our understanding of astrophysical processes
in virtually every field of astronomical research, from stellar physics
to studies of quasars and the formation and evolution of galaxies.
Finding x-ray observations to be of vital significance in their work,
many astronomers from other fields participated in planning and
interpreting the Einstein observations during its two years of oper-
ation, and x-ray observations have now attained animportance in
contemporary astronomy comparable with those in other wavelength
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regions. An urgent scientific need therefore exists for a long-lived
satellite observatory with capabilities for x-ray astronomy that com-
plement those of Space Telescope (sT) in the optical/ultraviolet region
and those of the Very Large Array in the radio region of the spectrum.

The AxAF will fulfill that need with an instrument that utilizes the
same basic principles that were tested and proved in the Einstein
mission but which is capable of providing up to a hundredfold greater
sensitivity for the study of faint stellar or quasistellar objects and a
tenfold increase in angular resolution for the sturdy of structure in
extended objects. Major improvements will be achieved in spectro-
scopic sensitivity and resolution, and a capability for sensitive po-
larimetry will also be provided. The Space Shuttle will provide the
means for launching AxAF, maintaining it in orbit, and retrieving it
for major refurbishments. Thus, like ST, AxAF will be a national facility
that can meet fundamental needs of astronomy for a decade or more.

AxAF will permit the observation of sources with x-ray luminosities
as small as 1 percent of the Sun's total luminosity lying in the farthest
reaches of our Galaxy, as well as the study of all the individual high-
luminosity x-ray sources in the hundreds of galaxies of the Virgo
cluster. The composition ana dynamics of extended sources such as
supernova remnants, galaxy halos, and clusters of galaxies can be
revealed by spectroscopic and polarimetric observations of high an-
gular resolution. The great sensitivity of AxAF will permit investi-
gation of x-ray galaxies and clusters of galaxies out to distances so
large that the effects of evolution in the early Universe should be
apparent. Because of its power and versatility, AxAF will profoundly
influence and enhance the development of nearly all areas of Galactic
and extragalactic astronomy.

The Committee also suggests that NASA consider the establishment
of special institutional arrangements similar to those embodied in
the Space Telescope Science Institute, to provide scientific guidance
for the development and maintenance of AxAF, to manage the sci-
entific direction of the mission during orbital operations, and to
facilitate the participation of the scientific community in the acqui-
sition and interpretation of x-ray observations. ?Consideration should
be given, as in the case of the Space Telescope Science Institute, to
appropriate international participation.

2. A Very-Long-Baseline (vtrs) Array of Radio Telescopes

The Astronomy Survey Committee recommends the construction of
a round-based Ve -Lon -Baseline (vt a) Arra of radio telesco esg	 rY	 g	 y	 p	 ,
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designed to produce images with an angular resolution of 0.3 mil-
liaresecond. Because the Array utilizes proven technology, this proj-
ect may be begun immediately after completion of final management
and design studies.

Extraordinarily high angular resolution is now possible at radio
frequencies. Precision atomic clocks, more sensitive and reliable re-
ceivers, high-speed tape recorders, sophisticated image-processing
techniques, and modern antennas now make it feasible to build a
radio array with the angular resolution of a telescope covering an
entire continent. This may be done by synchronizing the operation
of about ten widely spaced antennas of approximately 25-m diameter,
whose outputs are recorded and later combined in a central com-
puter.

This VLB Array will produce high-quality radio images capable of
resolving features down to 0.3 milliaresecond (the size of a dime in
New York as seen from Los Angeles). This is a hundred times better
angular resolution than that of any other image-forming telescope at
any wavelength and will yield detailed new radio images of a wide
range of astronomical objects at the frontiers of modern astrophysical
research. These include quasars and the nuclei of galaxies, features
of interstellar molecular clouds, the center of our Galaxy, and a
variety of energetic Galactic objects such as x-ray., binary, and flare
stars. The high angular resolution of the vl 3 Array will permit the
direct study of small-scale structure surrounding the central regions
of quasars and stars in the process of formation. Through the method
of statistical parallaxes, it will furthermore permit direct measure-
ments of distances to many objects throughout our Galaxy and even
to some in nearby galaxies. The VLB Array can also be applied to
important problems in Earth science (including precision geodesy
and geophysics), to the navigation of interplanetary spacecraft, and
to tests of the General Theory of Relativity.

Although the VLB Array is a complex and sophisticated instrument,
it will make use of proven concepts and instrumentation. Construc-
tion should begin immediately upon completion of management and
design studies with the building of the antennas and the develop-

'	 merit of the data-reduction system and other instrumentation. Col-
laboration with groups in other countries, particularly in Europe and

i	 North America, :would improve the performance of the instrument
G	 -	 by increasing the resolution even further (particularly in the north—

south direction) and by improving the image quality at low decli-

a
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3. A New Technology Telescope (NTT) of the 15-Meter Class

The Astronomy Survey Committee recommends the construction of
a New Technology Telescope (NTT) of the 15-m class on the ground
for observations in the optical and in the near- and mid-infrared
regions of the spectrum (0,3- to 20-µm wavelength). The design studies
needed before the NTT can be co ►tstructed are of the highest priority and should
be undertaken immediately.

Recent progress in optical fabrication techniques, design concepts,
and electronics now make it possible to build a large optical/infrared
telescope at a cost much lower than was possible a decade ago. Such
a New Technology Telescope (NTT), having a diameter of approxi-
mately 15 m, will increase our observing capabilities in the critical
0.3-20-µm spectral region in two important ways. First, throughout
this spectral region, the vast area of the mirror—nine times larger
than that of the 5-m Mt.Palomar reflector—will collect light at a rate -
exceeding the combined capabilities of the world's 20 largest existing
optical telescopes, furnishing the image brightness needed for a new
generation of spectroscopic observations. Second, at a good site, the
NTT should frequently achieve 0.3-aresec resolution at 20-µm wave-
length; in the absence of special speckle or interferometric tech-
niques, this angular resolution can generally be surpassed only by
Space Telescope, at much shorter wavelengths. For many infrared
applications, NTT's combination of large collecting area and high
angular resolution will lead to a tenfold increase in limiting sensitivity
and a hundredfold increase in speed over present capabilities.

NTT's large collecting area will make it an enormously powerful
tool for the spectroscopy of faint astronomical sources. For example,
detailed spectra of faint, old stars on the fringes of our Galaxy will
outline for us the early history of element building and nucleosyn-
thesis during the birth of our Galaxy. Similar observations, in nearby
dwarf spheroidal galaxies, satellite systems of the Milky Way, will
tell us how the formation and early evolution of these small sister
galaxies differed from that of our own Galaxy. In yet a third such
study, astronomers will determine the compositions and motions of
the equally old swarms of globular clusters that surround many
neighboring galaxies. These clusters, currently believed to be prod-
ucts of the initial galactic collapse phase, hold still further clues to
the mysteries of galactic birth and evolution. All of these are thresh
old problems, in the sense that there are no brighter objects nearby
that are suitable for study; without the light-gathering power of NTT,
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an insufficient number of photons can be collected to mount the
decisive spectroscopic programs needed to address these important
issues. 3

In addition, spectroscopic observations of the most distant galaxies
and quasars will greatly advance our understanding of cosmic evo-
lution. For example, NTT studies of quasar absorption lines will permit
measurements of the distribution and composition of intergalactic
gas as it existed very early in the history of the Universe. These
measurements offer the exciting possibility of tracing back the origin
of the chemical elements and the birth of clusters and superclusters
of galaxies to a time much earlier than we can currently see directly;
indeed, we should be able to study the large-scale properties of the
Universe when it was only one quarter as old as it is now. Such
studies are completely impossible with present optical telescopes
because of their inadequate collecting areas; the faintness of quasars,
in particular, requires the enormous light-gathering power of NTT for
systematic spectroscopic study. 	 r

The combination of NTT's high spatial resolution with sufficient
photon-collecting power to achieve very high spectral resolution will
also permit definitive studies of molecular clouds and obscured pro-
tostars in the near- and mid-infrared regions of the spectrum. The 	 s
fundamental vibration—rotation transitions of molecules are found
primarily in the 2-10-µm wavelength region. The study of these and
of molecular rotational transitions and continuum radiation will lead
to a much better understanding of the composition, abundances,
excitation, and dynamics of collapsing gas clouds. NTT will provide
a probe of gas dynamics in regions of star formation by permitting
the examination of optical and infrared spectral lines at very high
spectral resolution on an exceedingly fine spatial scale. Present ob-
servations indicate that the brightest protostellar candidates are about
1 aresec in diameter in the 2-10-µm wavelength region, whereas the
diffraction limit of a filled-aperture 15-m telescope is about 0.03-0.15
aresec over the same range; thus, the use of NTT with interferometric	 _ a
techniques will permit detailed study of the geometry and structure
of such objects. In addition, NTT's high spatial resolution will allow
the isolation and study of individual source components. All of these
studies will be complementary to those that can be carried out by
the Shuttle Infrared Telescope Facility (SIRTF), which has high sen-
sitivity but low angular resolution; by ST, which has high angular	 j
resolution but limited collecting area; and by the Large Deployable
Reflector in space, which will be designed for far-infrared work at
wavelengths longer than 20 µm.

r
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Because most of the known objects in the Universe either emit
visible or infrared radiation or are associated with objects that do,
optical and infrared spectroscopy provide powerful and versatile
techniques for investigations of the Universe. As the world's most
capable instrument for such spectroscopic observations, NTT will be
an extraordinarily productive facility. The Survey Committee finds
the scientific importance of Ni-r to be equal to that of any other
facility considered and regards it as one of the cornerstones of the 	 i
recommended research program for the 1980's.

4. A Large Deployable Reflector in Space

The Astronomy Survey Committee recommends the construction of 	 1

a Large Deployable Reflector (LDR) of the 10-m class in space to carry
out observations in the far-infrared and submillimeter regions of the
spectrum that are inaccessible from the ground. Design studies for
such a facility should begin at once.

Much of the matter in the Universe is relatively cool, from cool
stars at a few thousand degrees to dense interstellar clouds at tens
of degrees. radiation from these objects lies in the infrared and
submillimeter regions of the spectrum, at wavelengths from a few
to a few hundred micrometers. Instruments in space are essential
for observations at wavelengths between the atmospheric windows

k and -at wavelengths beyond 20 µm, for which the elimination of
atmospheric absorption and background thermal noise is critical.
sIRTF will offer a thousandfold improvement in our ability to detect
infrared sources, bringing many millions of them into view. How-
ever, the requirements of cryogenic cooling put a practical limit on
the aperture of the sIRTF telescope; as a result, it cannot collect enough
photons for high-resolution spectroscopy, and its angular resolution
is high only at shorter infrared wavelengths.

A LDR in space of approximately 10-m diameter, for observations
at the longer infrared and submillimeter wavelengths inaccessible
from the ground, is needed to collect enough photons for high-
resolution spectroscopy and to provide high angular resolution at
these long wavelengths Such a telescope could carry out detailed
morphological and spectroscopic studies of all the far-infrared sources
discovered in the forthcoming Infrared Astronomy Satellite (IRAs) all-
sky survey and of the brighter objects discovered by sIRTF. Because
mirror-figure and pointing requirements are a hundred times more
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relaxed than for ST, a 10-m-class LDR capable of aresecond resolution
at 20-µm wavelength should be less expensive.

A number of important scientific problems are uniquely accessible
to such a LDR in space. For distances less than 500 parsecs, the
projected beam diameter will be less than 1000 astronomical units.
Direct measurements of the sizes of nearby clouds collapsing to
become stars will thus be possible at far-infrared wavelengths, which
can' penetrate the surrounding clouds of dust that invariably obscure
small-scale features at optical wavelengths. In addition, the wave-
length regions accessible to a LDR contain spectral lines of atoms,
dons, and molecules that reflect a wide range of astrophysical con-
ditions. Studies of these features will yield otherwise unobtainable
information about the structure and dynamics of planetary atmo-
spheres; the heating, cooling, and chemical composition of the in-
terstellar medium; and—because of the penetrating power of long-
wavelength radiation—chemical abundances in the highly luminous
but optically obscured nuclei of active galaxies.

The sensitivity and high angular resolution of a LDR will also make
it possible to study newly forming stars in optically obscured regions
of nearby external galaxies, enhancing our understanding of galactic
evolution and of the dynamical processes that stimulate star for-
mation. Such an instrument can also probe the structure of the early
Universe and the mechanisms of galaxy formation through studies
of small-scale spatial fluctuations in the cosmic microwave back-
ground radiation.

The capabilities of a LDR in space will complement those of ST,
which is optimized for observations in the ultraviolet, optical, and
near-infrared spectral regions, and those of the NTT, which will offer
large collecting area and high angular resolution but will be restricted
to the atmospheric windows between 0.3- and 20-µm wavelength.
The Committee believes that design studies for a LDR should begin
at once.

B. MODERATE NEW PROGRAMS

1. Explorer Program Augmentation

The Astronomy Survey Committee recommends an immediate and
substantial augmentation to the NASA Explorer satellite program, with
the aim of restoring it to at least the healthy real level of effort of
1970.

NASA is now proceeding with four Explorer missions in the areas

4.
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of astronomy and astrophysics. The Infrared Astronomy Satellite
(IRAs) is at present under development; the Cosmic Background Ex-
plorer (CODE), Extreme Ultraviolet Explorer (EUVE), and X-Ray Timing

	

Explorer (x'rE) are in various stages of final planning in preparation	 1.
for development. Unless the present Explorer funding level is in-
creased, however, these are likely to be the only Explorer satellites

	

dedicated to astronomical observations that can be flown in the 1980's.	 s
The Astronomy Survey Committee believes that such a limitation.
would present a serious obstacle to the progress of space astronomy
during the coming decade.

	

Today's Explorer budget, as currently charged for mission costs, 	 p
provides only about half the support in real terms that was available
to the Explorer program a decade ago. As a consequence, the flight

	

of new Explorer missions has in recent years fallen much below the 	 g
rate needed for healthy advance. The rate will decline even more
drastically during the early 1980's if present budget levels are not
increased. The Astronomy Survey Committee thus recommends an
immediate and substantial augmentation to the Explorer program to
restore it to at least the real level of effort of 1970,

As emphasized in Chapter 4, the Explorer program has been a
vital component of the NASA space-science program for over 15 years,
and it promises to continue to provide the best means for pursuing
a wide range of scientific problem., in the years ahead. Determination
of priorities among the most promising individual Explorer mission.
possibilities in astronomy and astrophysics for the 1980's remains
the 'responsibility of other advisory groups, particularly the Space
Science Board's Committee on Space Astronomy and Astrophysics
(CSAA). However, among the scientific areas that at present appear
to offer special promise for additional Explorer-class missions are the
following, in which the order of listing carries no implication of
priority:

a A spectroscopic study of physical conditions and element abun-
dances in a wide variety of x-ray sources. Such a study could address
one or more of the regimes of spectroscopy that may not or will not
be addressed by AxAF, e.g., observations of spectral lines (such as
Fe lines) with exceptionally high spectral resolution or with the spa-
tial resolution permitted by large apertures, the study of spectral
Lines emitted by newly synthesized matter and of cyclotron-reso-
nance features at energies above 10 keV, and wide-field spectroscopic
studies of the interstellar mn„dium. These investigations would yield
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supernova remnants and the interstellar medium; the structure and
dynamical behavior of the coronas of nearby stars; the nature of the
plasmas associated with compact x-ray sources in Galactic x-ray bi-
naries and in quasars; and the distribution, composition, and origin
of ,the hot intergalactic gas pervading clusters of galaxies.

• A study of the isotopic and elemental composition of low-energy
Galactic cosmic rays and solar energetic particles in the interplanetary
medium. A primary aim of such an investigation is an accurate
determination of the isotopic composition of the elements through
nickel in a direct sample of contemporary solar and Galactic inter-
stellar matter. In addition, it should be possible to.analyze the com-
position of solar energetic particles through uranium and to study
the; processes that accelerate particles on the Sun and in the inter-
stellar medium. These measurements hold the key to understanding
thei processes that synthesized and accelerated both solar and Galactic
matter.

• A study in soft x rays (preferably with moderate-resolution spec-
troscopic capability) of those objects now known to radiate predom-
inantly in the 100-2000-eV energy range, including cataclysmic var-
iable stars, AM Herculis-type systems, RS CVn binary stars, stellar
coronas, isolated white dwarfs, central stars in planetary nebulae,
hot neutron-star remnants of recent supernovae, and x-ray pulsars.
Such an investigation should include extended searches for, and
studies of, regular and quasi-regular pulsations as well as aperiodic
variability, studies of binary orbital light curves, measurements of
spectral-line ratios (to determine temperatures and densities in the
hot emitting plasmas) and observations correlated with measure-

W,

ments at other wavelengths. The results of these studies would have
an important bearing on our understanding of the evolution of com-
pact binary systems, the composition and cooling of isolated very
hot stars, and stellar activity and variability cycles. 	 j

• A study of high-energy transient phenomena, particularly ob-
servations of cosmic and solar gamma-ray bursts up to 10 MeV with
high resolution and sensitivity, in conjunction with a program of
wide-field x-ray imaging with fine angular resolution. Such a com-
bination will provide both accurate timing and location of the burst
sources from the same spacecraft and very probably lead to their 	 i
identification. The cosmic gamma-ray observations will also provide
probes of nuclear and electromagnetic processes in compact objects
and measure spectral features that have been reported in burst mea-
surements, including cyclotron-resonance features, red-shifted 511-
keV photons, and nuclear lines. Continuous observations of solar

rim,
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gamma-ray lines may also be possible from the same spacecraft; such
observations, carried out over a several-year period bracketing a solar
maximum and with the highest energy resolution obtainable, would
greatly advance our understanding of solar flares.

• A study of the physical processes that deposit both energy and
momentum into the solar corona and the solar wind, through mea-
surements of the structure, expansion velocity, electron-density dis-
tribution, transition-region plasma density, and magnetic properties
of the corona. Such investigations will furnish essential new infor-
mation on the detailed relation of coronal structure to x-ray bright
points and coronal holes through studies rsf the fate of newly emerg-
ing magnetic-flux tubes; the interaction of coronal plasma with the
solar magnetic field in general; and mechanisms for the acceleration
of the solar wind, which are best studied in conjunction with si-
multaneous observations of the evolution of coronal holes, bright
points, transients, active regions, and magnetic structures on all
scales.

' • A study of the interior dynamics of the Sun, as one important
component of a more general program to understand the funda-
mental mechanisms responsible for the solar cycle. The goals of such
an interior-dynamics study include measurements of photospheric
velocities, as a probe of the solar convection zone and the variation
of rotation rate with depth; of radiation from the large-scale convec-
tive pattern in the photosphere, to permit correlations with magnetic
measurements and inferences concerning the influence of magnetic
fields on solar radiative output; of radiation from the entire disk of
the Sun over periods ranging from days to the length of a solar cycle,
to determine the degree of variations in the so-called "solar con-
stant"; and of magnetic activity in the upper solar atmosphere, to

t determine the effects of such activity on the atmospheres of both the
Sun and the Earth. These results are also expected to play a role in
the more general effort to understand the nature of stellar convection
and of energy and magnetic-field maintenance.

Two further possibilities merit detailed study by NASA and by other
r advisory groups for inclusion in the Explorer program. The first is

an Explorer satellite to map the Milky Way at moderate angular
resolution, both in the lines of selected submiilimeter-wavelength
transitions thought to be important for the heating and cooling of

rinterstellar gas clouds and in wavelength bands relevant to deter-
minations of temperature and density distributions in cold clouds.
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eters capable of submilliaresecond angular resolution, which would
represent an important step toward realization of the long-range
program of interferometry recommended for study and development
in Chapter 7.

The Committee also notes that several other missions (such as the
far-ultraviolet spectrograph in space discussed below) might be car-
ried out within the Explorer program if substantial funding contri-
butions from foreign or other national space programs become avail-
able. These and other possible collaborations within the Explorer
program should be investigated.

2. Far-Ultraviolet Spectrograph in Space

The Astronomy Survey Committee recommends the launch of a far
ultraviolet spectrograph in space incorporating a 1-m class telescope
to be used primarily for high-resolution spectroscopy in the 912
1200-A spectral region.

In the spectral region between the 912-A absorption edge of neutral
hydrogen and the 1200 -A onset of reflectivity of the ST mirror coatings'
lie many important features critical to the understanding of the °in-
terstellar gas, extended stellar atmospheres, supernova remnants,
galactic nuclei, and gaseous halos of planets. Atomic and molecular
lines not detectable in the ST spectral region include the resonance
lines of O + S, seen in stellar coronas and in interstellar space; O° and
N + resonance lines needed for the determination of nitrogen and
oxandlen abundances in ionized H u regions; and the lines of H i, HZ,

I HD, which are important for understanding the chemistry of
molecular clouds and for determining the cosmic D/H ratio. For many
other important species (e.g., "CO, 13CO, N i Fe u), complementary
studies with the proposed instrument and the high-resolution spec-
trograph on ST are required, neither being sufficient alone. More
generally, the value of data returned in the 912-1200-A spectral re-
gion would be enhanced by complementary, concurrent studies both
of ionic resonance lines in the 1200-.2000-A region and of spectral
features characteristic of hot interstellar plasma extending_ down to

A300- wavelength or even less. If suitably designed, a far-ultraviolet
spectrograph could also have applications to the study of upper-
atmospheric processes in planets and of the hot, ionized torus of gas
surrounding Jupiter.

The technology for building a powerful far-ultraviolet spectroscopic
facility with a spectral resolution of at least 3 x 104 now exists, but
further improvements in the sensitivity of windowless detectors are

i
i
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possible and should be pursued. Interesting scientific goals that should
set the cost and scope of the project include: (1) the detection at. a
resolution of 3 X 10 4 of a 12th-magnitude unreddened BO star in a
few hours with a signal-to=noise ratio of 20 to 1, to allow detailed
studies of Galactic gas up to S kpc from the Sun at all Galactic 	 3
latitudes and in 'a few lines of sight to the Large and Small Magellanic
Clouds; (2) similar detections with longer integration of 14th-mag-
nitude objects for studies of a number of Seyfert galaxy nuclei, as
well as of our Galactic halo and halos of other galaxies; (3) 1. the
detection of 17th-magnitude objects with lower resolution to include
many Seyyfert galaxies and several quasars (quasar observations can
also provide probes of gaseous halos around a. few foreground gal-
axies)',- and (4) study of the stability of the ionized gas torus in the
Jovian magnetosphere;

As there is considerable interest in a far-ultraviolet spectrograph
on the part of European astronomers, NASA should explore the pos-
sibility that this project could be partially funded by foreign astro-
nomical groups.

3, A Space vi,B Interferometry- Anlemid

The Astronomy Survey Committee recommends the placement of a
space vLu interferometry radio antenna in low-Earth orbit to extend 	 t
the powerful vLai technique into space in parallel with the rapid

t	 completion of a ground-based vi.a Array.
A space antenna in low-Earth orbit will complement and extend

the capabilities of the ground-based vLB Array in at least four im-
portant ways. First, through provision of a variety of additional
baselines, a space antenna will permit much more complete coverage
of the Fourier-transform plane, which is the source of all VLBI infor-
mation on the detailed structure of radio sources. This additional

t	 covers a will allow a more complete (and in many cases unambig-g
uous) mapping to be made of many complex sources. As the expan-
sion velocities of radio components in quasars may appear to .exceed
that of light solely because of incomplete coverage in the Fourier-
transform plane, such coverage will in manycases help to test the
realityof this effect. More complete coverage in the Fourier-transform 	 t

plane also produces a cleaner beam, permitting the mapping of sources
with low surface brightness. In radio galaxies and quasars, for ex-
ample; features nearer the compact nucleus tend to emit more weakly
than the larger, more developed structures found further away; the
capability to study structures with low surface brightness thus per-
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mits a more complete study of dynamical processes presumed to be
operating at various distances from the central energy sources in
these objects.

Second, a space v►. ►3► antenna greatly facilitates the study of radio
sources at low declination, Any ground-based v1.13 Array must rely
on the rotation of the Earth to vary the position and length of the
baseline employed; for low-declination sources, the resulting base-
lines lie largely or solely in the east-west direction, thus diminishing
greatly the north-south resolution and degrading the quality of the
radio map. A space antenna can provide north-south resolution of
such sources, allowing full two-dimensional mapping of radio sources
at all declinations.

Third, an Earth-orbiting space antenna will permit the study of
time variation on much shorter time scales than is possible with a
purely ground-based array, which requires up to 24 h to fill in all
the baselines necessary to complete a radio map. An antenna in low-
Earth orbit would allow mapping of sources in a time that is half of
the period of revolution of the satellite (about I h) and, thus, the
study of source variations on this much shorter time scale. Such a
capability would be immediately useful, for example, in studying
dramatic relativistic-jet phenomena in SS 433. Many other time-vary-
ing sources will also be accessible.

Finally, a space antenna will—in concert with the v ►.13 Array's
southernmost stations, southern hemisphere NASA stations, and an-
tennas in other countries—permit the VLSI mapping of the rich south-
ern hemisphere of the sky.

The Committee notes that even the first space vu31 antenna in low-
Earth orbit will additionally provide angular resolution that is nearly
an order of magnitude greater in solid angle than that of the ground-
based VLB Array alone. Moreover, a space v ►.t3 ► antenna in low-Earth
orbit will provide the first step toward the achievement of baselines
far longer than, car; ever be achieved on the Earth itself. This requires
the placement of antennas in highly elliptical Earth orbits; in Chapter
7, the Committee recommends the study and development of a more
extensive space VL131 system as part of a program of advanced spatial
interferometry in the radio, optical, and infrared regions of the spec-
trum.

4. Construction of Optical/Infrared Telescopes in the 2-5-Nict,r Class

i	 The Astronomy Survey Committee recommends the consfraction of 	 E
optical/infrared telescopes in the 2-5-m class during the coming de- 	 j

t

t	 ,
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cade as the ground-based facilities of choice for an extensive range
of important observations. The Committee particularly encourages
federal assistance for those projects that will also receive significant
nonfederal funding for construction and operation.

Optical/infrared telescopes in the 2-5-m class have made critically
important contributions to most of our recently acquired knowledge
in a number of key areas, including the following:

a 'Evidence of galaxy evolution from studies of distant galaxies;
• The crucial quasar observations that established the existence of

the first known gravitational lens;
• A mass estimate for the dense component of an x-ray binary

star, establishing it as the leading black-hole candidate;
• The discovery of quasars in clusters of galaxies, demonstrating

that at least some quasars are at the great cosmological distances
implie&by their large red shifts;

• Dynamical studies of hundreds of galaxies in clusters, showing
that the bulk of the matter in the Universe is nonluminous at optical__;,
wavelengths and has therefore escaped direct detection;ave

• Observations providing strong evidence that interstellar shock
waves play a role in star formation;

e Demonstration that the old stars in our Galaxy are anomalously
rich in oxygen, supporting the hypothesis that the protogalactic gas
was enriched by an early generation of massive, short-lived stars;

• Detection of activity cycles in solar-type stars and observations
of the modulation of chromospheric features by stellar rotation;

• Discovery of a binary-star system (SS 433) emitting huge streams
,if matter at about one fourth of the speed of light; and

• Optical confirmation of the existence of pulsars.

In addition, telescopes in the 2-5-m class have furnished essential
follow-on observations and identifications of a multitude of objects
discovered in other wavelength regions by spacecraft or comple-
mentary ground-based facilities. Such telescopes are essential for
timely observations of transient phenomena, long-term survey and
surveillance programs, general support of space astronomy, and the
development of astronomical instrumentation under realistic observ-
ing conditions.

All of these scientific tasks and opportunities will assume even
greater importance during the coming decade. Recent breakthroughs
in telescope technology have radically reduced the cost of construc-
tion of optical/infrared telescopes in the 2-5-m class, enabling a wider

-A
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group of institutions to consider their acquisition than ever before.
Such telescopes, equipped with modern instrumentation and detec-
tors, Will constitute powerful. research tools for the 1980's. The Com-
mittee believes that federal funds for such facilities should be awarded
on the basis of peer review of scientific merit. Federal agencies should
be receptive to proposals from all parties that could make effective
use of these telescopes, including private, state, and national insti-
tutions.

The Committee particularly encourages the award of federal funds
for such telescopes to be located at private and state observatories
that can contribute significant nonfederal funding for construction'
and operation. It applauds the initiative of astronomy groups that
are currently seeking private and state funds for this purpose and
welcomes private and state agency support of astronomical research.
Some portion of the observing time at these facilities should be
allocated to outside users, the fraction to depend in general on the
level of federal funding. Visitor access is especially important for the
larger telescopes constructed in this class. 	 y,

5. Advanced Solar Observatory in Space

The Astronomy Survey Committee recommends the establishment
in space of an Advanced Solar Observatory (Aso)—to be assembled
near the end of the coming decade from facility-class instruments
developed earlier through the Spacelab program—for simultaneous
observations of a number of important solar properties at optical,
extreme ultraviolet, x-ray, and gamma-ray wavelengths.

The Solar Shuttle Facility endorsed earlier (Chapter 4, Section D)
can achieve a number of the major scientific objectives of space solar
physics. However, other important problems—such as the structure
of the convection zone, large-scale circulation patterns, hansient high-
energy phenomena, and long-term evolution of the corona—require
observations with a comprehensive set of high-resolution instru-
ments over much longer periods of time than can be obtained in
Shuttle flights. The Committee therefore recommends that the Solar
Shuttle Facility evolve into a major free-flying observatory, the ASO.

The ASO is currently planned to consist of five major components:
(1) the Solar Optical Telescope (SOT) truss containing the SOT itself;
(2) a Solar Soft X-Ray Telescope Facility (SSxTF), an Euv Telescope
Facility (EUVTF), and white-light and resonance-line coronagraphs to
be mounted within the SOT truss; (3) a Grazing Incidence Solar Tele-
scope (GRIST) currently under consideration for development by the

r
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European Space Agency; (4) a Pinhole/Occulter Facility for hard
x-ray observations and high-resolution studies of the corona; and (5)
a Solar Gamma Ray Telescope. It is hoped :'of an Aso nucleus
(consisting for example of the soT/ssxTF /EUV A, as. ,mbly and GRIST)

can become operational in the late 1980's, perhaps zssembled upon
a space platform, The full Asa, including the Pinhole/Occulter Facility
and the Gamma Ray Telescope, will be necessary for the study of
transient phenomena during the next solar maximum in the early
1990's:

Aso will be the first solar facility with the design goal of achieving
an angular resolution much less than 1 aresec from the infrared
through the x-ray region (0.1 aresec or better at many wavelengths),
together with the spectral resolution needed to detect motions of
solar material over the entire span of wavelengths required for study
of such material at a wide range of temperatures. The Aso will be
able to address nearly all of the problems of contemporary solar
physics, including the structure of the solar core; the mechanisms
responsible for the solar magnetic and activity cycles; the energy and
mass-transport mechanisms operating over the full range of tem-
peratures present in the atmosphere; the basic plasma processes
responsible for metastable energy storage, magnetic reconnection,
and particle acceleration in solar flares and related nonthermal phe-
nomena; and the processes involved in the heating and acceleration
of the solar wind.

6. Cosmic-Ray Experiments
i

The Astronomy Survey Committee recommends a series of cosmic-
ray experiments in space, to promote the study of solar and stellar

f	
activity, the interstella medium, the origin of the elements, and
violent solar and stellar processes.

Cosmic rays—high-energy particles from space that include the
nuclei of all elements of the periodic table, as well as electrons and
antiparticles—are a sample of contemporary matter from regions far
beyond the solar system that we can study in detail.. For example,
it has now been established that both neon and magnesium in cosmic
rays are enriched in their heavier isotopes by comparison with stan-
dard solar-system abundances. In their composition and energy spec-
tra, cosmic rays carry unique information about the origin of the
elements in stars, the nature of cosmic particle accelerators, and the
interstellar gas. Cosmic-ray research has now reached the stage of
maturity that permits substantial advances in all of these areas.
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At lower energies, and for the lighter elements, some of the re-
quired studies could be carried out through the Explorer satellite
program, as noted earlier (Section 6.1). However, determinations of
abundances of the rarer isotopes (such as those of elements heavier
than nickel), of the chemical composition of the ultra-heavy nuclei,
and of the elemental composition and spectra of lighter elements at
high energies, all require large collecting areas and the longest fea-
sible exposure times. Dramatic progress in detector technology dur-
ing the past decade, together with the ability of the Space Shuttle
to place heavy payloads in orbit, now makes it feasible to carry out
such measurements with high accuracy over a broad range of ener-
gies.

The Committee therefore recommends that NASA begin a system-
atic program that would pursue the development and construction
of the large instruments required to perform these significant cosmic-
ray measurements and that would ultimately provide long-duration
(approximately 6 months or more) exposures of these instruments
in the most appropriate way, possibly through use of a space plat-
form. The development of these large instruments for long-duration
exposure will in many cases best be carried out through balloon and
Spacelab flights of short duration and through use of-ground-based

1	 facilities such as the Bevalac accelerator.

7,. Astronomical Search for Extraterrestrial Intelligence

The Astronomy Survey Committee recommends an astronomical
Search for Extraterrestrial Intelligence (SETT), supported at a modest
level, undertaken as a long-term effort rather than as a short-term
project, and open to the participation of the general scientific com-
munity.

It is hard to imagine a more exciting astronomical discovery or one
that would have greater impact on human perceptions than the
detection of extraterrestrial intelligence. After reviewing the argu-
ments for and against SETT, the Committee has concluded that the
time is ripe for initiating a modest program that might include a
survey in the microwave region of the electromagnetic spectrum
while maintaining an openness to support of other innovative studies
as they are proposed.

Since the chance for a successful detection in the next decade is
quite uncertain and may be small, it should be understood that the
SETt effort is to be undertaken on a long-term, evolutionary basis. In
the coming decade it has been proposed to use a million-channel

9
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analyzer in the microwave region of the spectrum; such a program
seems appropriate for an initial assay. While exploration of this re-
gion of the electromagnetic spectrum appears to make best use of
our current technology, other approaches—such as searches using
radiation of shorter wavelengths--can also provide interesting op-
portunities, and the SETI program should allow for the possible sup-
port of the ingenious new ideas and proposals that are likely to
appear.

Modest support of such programs by U.S. funding agencies is a
legitimate scientific activity, and choice of programs within each
agency should be made through the normal process of peer review.
As a number of other nations have initiated steps toward SETT pro-
grams, the opportunities for international collaboration are substan-
tial.

C. SMALL NEW PROGRAMS

A 10-Meter Subinillitneter- Wave Antenna

The Astronomy Survey Committee recommends the construction of
a submillimeter-wave telescope of about 10-m aperture at a high, dry
site.

Recent advances in the design and fabrication of ultraprecise an-
tennas and low-noise receivers make possible an instrument that can
observe a substantial portion of the almost completely unexplored
submillimeter-wavelength band. Such an instrument will allow de-
tailed study of this rich region of the spectrum with an angular
resolution as fine as 8.5 arcsec, which is a factor of 2 better than that
of any existing single-element r ykillimeter-wave antenna. The portion
of the electromagnetic spectrum accessible to this antenna contains
the fine-structure transition of atomic carbon and many rotational
lines of important molecules. The facility will be particularly useful
for observing higher molecular rotational transitions, such as those
of the well-studied interstellar molecules CO and HCN, which are
important for cooling processes. Information from a range of molec-
ular levels will make possible a detailed examination of the physical
structure of molecular clouds—especially the hot, dynamically active
clouds where stars are formed. Since the 10-m telescope will achieve
high angular resolution, the transitions of abundant species like car-
bon and carbon monoxide can be used for studies of objects of small
angular extent, such as external galaxies and the envelopes of evolved
stars displaying mass loss. The study of the distribution of molecular
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clouds in external galaxies should, when combined with optical/
infrared results, greatly improve our knowledge of star formation in
nearby galaxies. If both the 25-Meter Millimeter-Wave Radio. Tele-
scope and the 10-m submillimeter-wave antenna are placed at the
same site, they may be used together as an interferometer within
the short-wavelength range of the former and the long-wavelength
range of the latter..

The fascinating problems of star formation, stellar mass loss, and
galactic structure stand at the center of many of the controversial
issues of astrophysics today. The important information that this
instrument can provide on these topics through observations of the
more energetic molecular rotational transitions elevates it to an im-
portance much greater than would be suggested by its modest cost.

A Spatial hiterferometer for the Mid-Infrared Region

The Astronomy Survey Committee recommends the construction
during the early 1980's of a dedicated two-element spatial interfer-
ometer for the mid-infrared spectral region with design parameters
optimized for operation at a wavelength of 10 µm.

The spectacular success of radio interferometry since World War
II has illustrated forcefully the benefits of interferometry to astron-
omy. Experiments during the last decade have demonstrated the
feasibility of spatial interferometry in the infrared region at wave-
lengths from 2 to 20 µm and have shown that there are a number
of important applications for such techniques. Atmospheric propa-
gation characteristics have been shows, to be excellent for the 10-µm
region in particular, and heterodyne detection techniques have been
developed that permit sensitive, coherent detection in this wave-
length region.

The Committee supports the construction of a 10-µm heterodyne
interferometer for the exciting scientific promise it offers in the near
term and as a significant step toward the goal of extending interfer
ometric technology to a wide range of wavelengths. With the later
possible addition of an infrared delay line, the interferometer could
be made suitable for use with incoherent detectors, when the highest
sensitivities to continuum radiation are required.

A',dedicated infrared interferometer will have many important as-
tronomical applications. It will permit detailed mapping of infrared
sources, many of which are invisible optically because of obscuration
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by many stars during certain stages of their evolution. High-reso-
lution maps of regions of star formation are essential to our under-
standing of the birth of stars and planetary systems. The angular
diameters of large numbers of stars can be measured. Such an in-
terferometer is also well suited to search for an accretion disk around
a black hole in the Galactic center—a possibility suggested by recent
observations—and to probe the intense infrared sources in the nuclei
of active galaxies.

A 10-µm heterodyne interferometer furthermore shows great promise
as an astrometric instrument. It will measure precisely the location
of infrared sources, aid in the determination of an accurate celestial
coordinate system over the entire sky, allow proper motions of stars
and other infrared objects to be determined with high precision, and
test the General Theory of Relativity to a new order of accuracy by
measuring the bending of 10-µm radiation from sources seen near
the limb of the Sun,

A Program of High-Precision Optical Astrarnetry

The Astronomy Survey Committee recommends support for the de-
sign and construction of innovative devices that offer the promise
of greatly improved astrometric precision, particularly those that may
help permit the detection of planets i around other stars. Since the
1960's, the typical accuracy of observed stellar parallaxes has im-
proved; from ±16 milliareseconds to ±3 milliareseconds; the Com-
mittee recommends support for the design and construction of in-
novative devices that offer the potential for obtaining relative positions
with an accuracy of ±0.1 milliaresecond. If the Earth's atmosphere
allows the achievement of such accuracy but existing telescopes prove
to be inadequate, serious consideration should be given to the con-
struction of a specialized astrometric telescope.

The major advances in astrometry during the past decade have
been due to the introduction of new instrumentation and the up-
grading of existing instruments. These, together with the advent of
new detector technologies and data-analysis techniques, have pro-
vided the astronomical community with the tools for decisive ad-
vances in the accuracy that can be obtained through ground-based
astrometric measurements. For example, one may now look forward
to a tenfold improvement in our knowledge of relative stellar posi-
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as RR Lyrae stars and members of star clusters that are crucial for
calibration of the distance scale to extragalactic objects. Moreover, a
substantial improvement in the accuracy of stellar-velocity measure-
ments also seems possible, with important consequences for studies
of stellar dynamics.

Such advances can be exploited to search for evidence of extrasolar
planetary systems. The detection of such systems would have a
significant intellectual impact, removing immediately the apparent
uniqueness of our own solar system; systematic observations would
enable us to begin the accumulation of data for eventual statistical
studies of planetary-formation rates, planetary multiplicity, correla-
tions of physical properties with those of the parent star, and the
effects of planetary formation on stellar evolution. An important goal
for ground-based astrometry during the coming decade is the de-
tection of Jupiter-like planets around nearby stars, if indeed they
exist. The detection of Earth-like planets around other stars appears
to require astrometric measurements from space, and the Committee
encourages design studies of focal-plane detectors and astrometric
telescopes that will yield a positional accuracy sufficient for such
measurements.

The Committee also calls attention to the potential for astrometry
of a very large space telescope and the advanced interferometers for
the radio, infrared, and optical regions of the spectrum recommended
for study and develop-nent in Chapter 7 of this report.

A Temporary Program to Maintain Scie ►itific Expertise at U.S. Universities

The sharp decline in the anticipated number of university under-
graduates in the 1980's, coupled with the unusually small number of
faculty retirements anticipated over the same period, will cause a
temporary but serious reduction in the number of junior astronomy
faculty members that -will be appointed by U.S. universities. The
intellectual energy that such faculty members bring to astronomy is
crucial to progress; moreover, as explained in Chapter 4, basic re-
search at U.S. universities is a critically important component of the
national effort in astronomical research. The Astronomy Survey Com-
mittee therefore recommends that urgent steps be taken to maintain
scientific expertise at U.S. universities by ensuring that excellent
younger researchers continue to flow into them during the critical

E	 decade ahead.
In particular, the Committee recommends that the Astronomy Di-



r!

New Progranrs	 155

gram of "Astronomy Excellence Awards." Ten to twenty 5-year po-
sitions would be awarded to individuals each year on the basis of
an open national competition. Each award would be for one half of
the salary of a position at the assistant-professor level and would be
contingent on commitment of matching funds in the form of the
other half of the salary for the same period by a recognized univer-
sity, It is anticipated that the status and qualifications of successful
candidates would be similar to those of regular faculty members at
the host institutions and would include the improvements described
below, The anticipated cost of this program, which we recommend
as a new initiative, would be $0.5 million to $1.0 million per year.
It would generate an equal amount of matching funds from univer-
sities on a short-term basis and also, the Committee believes, lead
to the establishment of new, long-term positions in astronomy. In-
asmuch as the problem of declining enrollments and reduced retire-
ments is anticipated to abate starting in about 1990, this program
should be terminated at that time.

The Committee furthermore urges the universities themselves to
take the following steps to respond to the declining student enroll-
ments and reduced faculty retirements anticipated during the 1980's;
implementing procedures that encourage the early retirement of fac-
ulty, the establishment of "parallel track" positions of high prestige,
and the permitting of non-tenure-track scientists with appropriate
qualifications to serve as Principal Investigators on contracts and
grants. Some universities have also experimented with so-called "rolling
tenure," by which a scientist is granted tenure for the duration of
supporting funding from a contract or grant, with tenure extended
in step with funding renewal Since this scheme raises broad issues
of university policy, its consideration by a more broadly based com-
mittee than the present one would be helpful.

A much more detailed discussion of the issues underlying the
present recommendation may be found in the report of the Panel
on Organization, Education, and Personnel, to be published in Vol-
ume 2 of this survey.

l
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In addition to the programs recommended in the preceding chapter
for approval and funding during the 1980's, the Astronomy SurveyPP	 g	 g	 Y	 y 1
Committee considered in detail many other proposed. programs of r'
comparable scientific merit. Some of the most promising of these
differ from the programs already recommended primarily through
being at an earlier stage of technological development or through
falling at a later stage in a logically planned observational program.
However, planning ands development are often time-consuming, es-'

}	 pecially for large project§. It is therefore important to begin, during
the coming decade, study and development of programs that appear
to have exceptional promise for the 1990's and beyond. The support
of such programs should include funding for design studies and,
where appropriate and timely, for the development and testing of
instrumentation. Projects and study areas recommended by this
Committee in this category include the following, in which the order
of listing carries no implication of priority:

A. Future x-ray observatories in ,space;
P	

B.j Instruments for the detection of gravitational waves from astro-
nornical objects;

C. Long-duration spaceflights of infrared telescopes cooled to cry-
ogenic temperatures;

r) A vary laroa falacr•nna in cnarn fnr ulfrnvinlaf nnfir-d and naar-
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E. A program of advanced spatial interferometry in the radio,
infrared, and optical spectral regions;

F. Advanced gamma-ray experiments; and'
G. Astronomical observatories on the Moon.

The present chapter discusses these areas of study and development
and illustrates their role in addressing some of the long-range sci-
entific problems that may now be foreseen.

A. FUTURE X-RAY OBSERVATORIES IN SPACE

The ' Astronomy Survey Committee recommends ''the study and
development of space observatories beyond. the Advanced X-Ray
Astrophysics Facility (AXAF) for pursuit of a number of impor-
tant future goals in x-ray astronomy. These investigations will
either demand observational capabilities exceeding those Of AXAF

or will be more appropriate to observatories incorporating spe-
cialized, dedicated instrumentation.

The last decade has been a period 'of extraordinary advances in
x-ray astronomy, culminating in the impressive observations re-
turned by the £i►lstein Observatory. These studies will be accel-
erated and extended to much fainter objects :  AXAF, recom-
mended by this Committee as the major new program of highest
priority in all of astronomy for the -1980'8. However, a number
of important future investigations in x-ray astronomy will de-
mand greater sensitivity; spectral resolution, energy coverage, or
time resolution than even this powerful facility can provide.
Moreover, the rich variety of objects and problems uncovered by
the past. decade of x-ray observations points to the need for fu-
ture studies that are too specialized and diverse to be accom-
plished by a single observatory. Such studies should include at
least the following scientific goals:

1. An all-sky survey at x-ray wavelengths comparable in scope
with the Palomar Sky Survey, to facilitate the identification and -
study of objects in various wavelength regions and to provide the
data ease for detailed studies of the statistics; distribution, and
evolution of x-ray sources.

2. Comprehensive measurements of variability,' over a wide
range of ,time scales, of the x-ray emissions from faint Galactic
and extragalactic sources. This work will be of crucial impor-
tance for a detaaled understanding of virtually every kind of

i
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compact x-ray source, ranging from nearby flare stars to distant
quasars,

3.obtain ow- odat 	 x-ray  
	 spectroscope of fa."M objects, to

 red shifts of very distant clusters of
galaxies and plasma diagnostics for large numbers of x-ray
sources.

4. Detailed study of the large-scale x-ray structure of the Uni-
verse through measurements of diffuse features as well as study
of structure on 'smEdler scales through observations of clusters of
galaxies.

5. High-resolution spectroscopy and polarimetry of faint ob-
jects to determine elemental and ionic abundances, temperature
distributions, morphologies, and dynamical behaviors. The tar-
gets of such studies will include stellar coronas, supernova rem-
nants, active galactic nuclei, and galaxy clusters.

6. Comprehensive investigation of x-ray sources in the energy
range above 10 keV, which will be inaccessible to AxAi. Pre-
vious 'balloon and satellite studies have demonstrated the impor-
tance of high-energy x-ray measurements in the analysis of the
physical conditions in x-ray stars and active galactic nuclei and in
the evaluation of the contributions of discrete and diffuse sources
to the high-energy x-ray background.

7. Detection, location, and detailed study of transient x-ray
sources, including sources of hard x rays associated with gamma-
ray bursts and supernova explosions in external galaxies.

8. Measurements of the -spectra and variability of soft x-ray and
extreme-ultraviolet (EUV) sources, including: stellar coronas, single
,jot white dwarfs, and accreting white dwarfs in binary systems
(cataclysmic variables), together with detailed mapping of soft
x-ray and Euv emission from the interstellar medium.

The first four of these scientific goals (an all-sky survey,
a measurement of variability, low- to moderate-resolution spectros-

copy, and study of low-surface-brightness features, all directed at
faint sources) require collecting areas much larger than that of
AxAF but angular resolutions sufficient only to avoid source con-
fusion and to permit unambiguous identification of optical and
radio counterparts. One may therefore pursue these goals through
deployment of a moderate-resolution array of reflectors of large
area, at a cost modest by comparison with that of a monolithic
mirror telescope. Individual modules of such arrays can be de-

a
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The Committee encourages the continued development of large-
area modular arrays of reflectors through Spacelab flights and the
eventual assembly of a large-area facility for long-duration obser-
vations, perhaps upon a space platform.

High-resolution x-ray spectrometry and polarimetry of faint
objects will require specialized instruments with very large effec-
tive areas. Preliminary design studies suggest that both kinds of
measurements can be pursued in the same long-duration mis-
sion, and the Committee urges continued development of the
concepts for such a mission.

The study of objects that are most luminous at x-ray energies
above 10 keV was begun through balloon and HEAD-1 observa-
tions, but a greatly expanded and more systematic study of such
sources will be needed during the 1990's. Instruments providing
imaging spectrophotometry up to 100-keV photon energies, with
concurrent precise location and high-resolution x-ray spectros-
copy of such sources, are now becoming technologically feasible;
these and other instruments should be studied for possible in-
corporation into such a mission, which may prove to be an at-
tractive candidate for location on a space platform.

f A comprehensive study of the brighter members of the var-
ious classes of transient and variable sources will be initiated by
the X-Ray Timing Explorer (XTE) satellite. It is already evident,
however, that a long-term observatory with enhanced capabili-
ties wili be needed during the 1990's to extend the observation
of variability to a substantial fraction of the objects accessible to
AXAF.

Finally, the Committee believes that planning should begin for
soft x-ray and Euv observations beyond those anticipated from the
Euv Explorer. Such observations, with improved sensitivity, an-
gular resolution, and spectral resolution, will be needed for ana-
lytical studies of the objecis detected by EuvE,, as well as to
complement the optical and near-ultraviolet obser vations made by
Space Telescope and the far-ultraviolet observations to be made
by the far-ultraviolet spectrograph in space recommended as a
new program in the present report. Coordinated observations of
a wide variety of nearby stars at x-ray, Euv, UV, and optical

r wavelengths will furnish decisive tests of stellar-atmosphere
models and theories of coronal activity. Measurement of the
structure and physical conditions in the hot component of the
interstellar medium by means of soft x-ray and Euv surveys and
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spectrometry with high angular resolution will be an essential part
of future studies of star formation and chemical evolution in the
Galaxy.

B. INSTRUMENTS FOR THE DETECTION OF GRAVITATIONAL

WAVES

The Astronomy Survey Committee recommends the study and
development of instruments for the detection of gravitational
waves from astronomical objects.

Detection and measurement of gravitational waves would be of
great importance to the achievement of a fundamental under-
standing of the gravitational field. Success would provide infor-
mation on important astronomical phenomena that is otherwise
unobtainable. This includes, in particular, rapid dynamical be-
havior in stars and other massive objects and advanced evolu-
tion of stellar systems. The great potential value of gravitational-
wave detection and the challenging technical problems it presents
justify current effort on the study and ,:'velopment of detectors
and on the theory of the generation of these waves. When this
development reaches a state that allows astronomical observa-
tions to brrcome practical, instruments for such observations
should be constructed. These will probably include long-baseline 	 n
systems in space, which at present seem to promise the great- 	 {
est sensitivity. Meanwhile, advantage should be taken of oppor-
tunities for improvements in space-based efforts to detect gravi-
tational waves by upgrading the quality of equipment for tracking 	 {'
the motions of solar-system space probes.

C. LONG-DURATION SPACEFLIGHTS OF IN1 7 RARED TELESCOPES

COOLED TO CRYOGENIC TEMPERATURES

The Astronomy Survey Committee recommends the study and
development of long-duration space observatories incorporating
infrared telescopes cooled to cryogenic temperatures. In particu-
lar, NASA should study the ways in which the Shuttle Infrared
Telescope Facility (s1RTF) may be most effectively incorporated into
such a long-duration observatory following a vigorous observa-
tional program carried out through Spacelab flights.

During the next decade, the most dramatic gains in astronom-
ical sensitivity will probably occur in the infrared region of the

i
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spectrum as a result of observations_ carried out in space with
improved detectors and cryogenically cooled optical systems,
Programs currently under development, such as the Infrared As-
tronomy Satellite (IRAs) and SIRTF, will exploit these advantages
in part; by the end of the decade, infrared astronomy should ri-
val radio, optical, and x-ray astronomy in the depth and rich-
ness of its observable sky. It is therefore important to begin
planning now for the long-duration infrared observatories em-
ploying cryogenic optics that will be needed to exploit these op-
portunities during the 1990's and beyond.

As emphasized in Chapter 4, SIRTF will be the cornerstone of
space infrared astronomy during the coming decade. This facil-
ity will be able to carry out a powerful observational program
even within the relatively brief, 7-day length of an early Shuttle
sortie mission. Frequent Shuttle flights Of SIRTF, with appropriate
refurbishment between flights, thus constitute one of the high-
est priorities for U.S. astronomy during the 1980's.

However, the scientific return from SIRTF will almost certainly
provide an overwhelming case for long-duration spaceflights of
cryogenically cooled infrared telescopes. A possible way to achieve
this capability is to develop SIRTF itself as a facility for eventual
placement onto a space platform, to be refurbished at intervals of
6 to 12 months. Alternatively, development of a free-flying ob-
servatory for Sim- may prove to be more effective. We urge NASA

to pursue the general development and design of detectors and
facilities for infrared astronomy with the aim of achieving long-
duration spaceflights of cryogenic infrared telescopes by 1990.

D. VERY LARGE TELESCOPE IN SPACE FOR ULTRAVIOLET,

OPTICAL, AND NE A R-INFRARED OBSERVATIONS

The Astronomy Survey Committee recommends the study and
development of the technology required to place a very large
telescope in space early in the next century.

The advances in ultraviolet, optical, and infrared astronomy
expected in the 1980's are extremely impressive and will cer-
tainly lead to great advances in our understanding of diverse
astrophysical phenomena. Yet, just as certainly, the instruments
of the 1980's will discover new phenomena that will require new
and even more powerful facilities for their systematic investiga-
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diffraction-limited performance from the far-infrared to the near-
ultraviolet regions.

The capabilities of such an instrument would be awesome by
today's standards. At visual wavelengths it would have a re-
solving power of about 4 milliareseconds, a limiting magnitude for
medium-resolution spectroscopy of about 30, and a limiting
magnitude for imaging of about 33—more than a hundred times
fainter than the faintest object accessible to Space Telescope. A
telescope of such power could, for example, observe the planets
with resolutions ranging from 12 km at Jupiter to 90 km at
Neptune, permitting long-term studies of the atmospheric dy-
namics of the major planets; observe the star-forming regions in
the Orion nebula with a resolution of 10 astronomical units at
near-infrared wavelengths, permitting direct observation of the
process of star formation and detailed studies of preplanetary
nebulae; observe the main sequence in the Andromeda Galaxy
four magnitudes below the oldest turn-off point and obtain
spectra one magnitude below this point; perform spectroscopy of
solar-type stars in nearby galaxies, permitting direct chemical-
abundance and abundance-history determinations for these gal-
axies; with suitable care and stability, obtain relative positions of
stars and background quasars to a precision of about 100 mi-
croareseconds—enough to provide accurate parallaxes out to a
distance of 1000 parsecs and to measure proper motions of stars
in globular clusters and in nearby spiral galaxies, permitting
studies of the structure and dynamics of these stellar systems;
obtain high-resolution ultraviolet spectra of the brightest stars in
galaxies of the Virgo cluster of galaxies, making possible de-
tailed studies of the intergalactic medium over long path lengths;
and observe the nearest quasars with a resolution of 10 parsecs
and the nearest active galaxies with a resolution of 0.2 parsec,
fine enough to reveal fundamentally new structural details.

These examples are only a few from a lo.,- list of important
problems that a very large space telescope could pursue. Such an
instrument could be the most powerful tool of astronomy at the
start of the next millenium. We therefore recommend that NASA

begin exploratory studies of this project and encourage the de-
velopment of the requisite technologies. Development of tech-
nology for the Large Deployable Reflector in space (recom-
mended in Chapter 6) should provide a strong impetus for the
f	 h	 df	 I-	 I	 Jr..1.r	 urt er advances neede or t is even arger, more power 	 n-
strument.
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E. PROGRAM OF ADVANCED SPATIAL INTERFLAOMETRY IN THE
R. 1010, INFRARED, AND OPTICAL SPECTRAL REGIONS 	 J

The Astronomy Survey Committee recommends the study and	 t
development of advanced spatial interferometers for the radio, 	 ti
infrared, and optical spectral regions.	 ,!

Exploration of the structural details of astronomical objects from
planets to distant quasars requires ever higher angular resolu- 	 is
tion. Radio astronomers have pioneered in such studies with re-	 rc'

fined interferometric techniques. The Very Large Array produces
q	 radio images with resolutions of an aresecond or better, and 	 'a
d	 continent-spanning very-long-baseline interferometry currently re- 	 1

solves detail down to a few milliareseconds. Increases in base- 	 }
1	 lines for radio telescopes and extension of interferometric -tech-

niques to infrared and optical wavelengths can achieve even
i	 higher resolution.	 -

Important next steps are the Very-Long-Baseline (vcB) Array, the
placement of a radio antenna in low-Earth orbit to complement
the ground-based vLB Array, and the development of a spacial
interferometer for the mid-infrared region, as presented in the
recommendations for new programs (Chapter _6 1 . These steps
would be followed by the placement of radio antennas in highly
elliptical orbits (increasing VLBI baselines by a factor of 10) and by
the construction of a ground-based infrared interferometric array_ 	

jwith, baselines of a few kilometers. These instruments would
achieve angular resolutions of a few hundred microareseconds in
the radio and a few milliareseconds in the infrared region. In
both cases, detailed image reccistruction would be possible since
they would provide good coverage in the Fourier-transform plane,
a necessary condition for the accurate mapping of complex
sources.

Further improvements of infrared interferometric capabilities and
significant developments in optical interferometry will probably
require interferometers in space to escape the deleterious effects
of the Earth's atmosphere. A desirable goal is a program of space
optical and infrared interferometry leading, by the early part of
the next century, to an interferometer with baselines of a few
tens of kilometers and resolutions of 1 to 10 microareseconds at
optical wavelengths. Development of interferometric techniques to
this extent will require the capability to place large structures in
space, significant strides in optical _technology, and extensive ad-
vances in systems for space-vehicle control communication, and
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information processing. With space-based infrared and optical
interferometers it would be possible to measure trigonometric
parallaxes of objects throughout the Galaxy, to detect Earth-like
planets orbiting nearby stars, and. to resolve significant structure
in nearby quasars, to name only a few of the many important
projects that would be advanced with such powerful instru-
ments.

Advanced interferometry on the ground, and then in space, will
be among the most important and exciting areas of astronomy in
the coming decades. We therefore strongly recommend that NSF

and NASA begin preliminary planning, exploratory studies, and
technological development for such a program.

F. ADVANCED GAMMA-RAY EXPERIMENTS

The Astronomy Survey CommRtee recommends the study and
development of advanced gamma-ray experiments to follow the
program to be carried out by the Gamma Ray Observatory (GRO).

Subsequent to GRO, an advanced high-energy gamma-ray tele-
scope of very large area, high sensitivity, and high angular res-
olution will be needed for long-term observations of selected
sources and regions of special interest. This will be necessary to
achieve the statistical accuracy in the counting of gamma-ray
photons required to resolve spatial and spectral features of the
sources and to analyze their variations. The field of view of the
telescope need not be wide, and an appropriate goal for angu-
lar resolution is the order of I to 2 arcmin. A high-resolution
nuclear gamma-ray spectrometer should be included in the mis-
sion for the study of the gamma"ray lines from radioactivity in
supernova remnants, positron annihilation in the Galactic disk and
in extragalactic sources, nuclear excitations caused by cosmic rays
in dense matter, and nucleosynthesis in extragalactic supernom
vae; energy resolution sufficient to study line profiles will be
desirable. Development of such instruments, possibly for de-
ployment upon a space platform, should begin as soon as there
emerges a clear understanding of the observational requirements
from analysis of results from GRO.

G. ASTRONOMICAL OBSERVATORIES ON THE MOON
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nations, take steps to ensure the preservation of sites on the
Moon (particularly on the far side) for astronomical observa-
tions. In addition, the Committee urges NASA to set aside re-
sources for the establishment of lunar astronomical observatories
as an important corollary to the establishment of large-scale in-
dustrial or power-generation facilities in Earth orbit.

The Moon offers certain decisive advantages as a base for as-
tronomical observations. In particular, the far side of the Moon
provides protection from radio interference from sources on or
near the Earth and therefore has great potential value for radio
astronomy. Shielded at all times from earthlight, sites on the far
side of the Moon are also shielded from sunlight for substantial
parts of each month and thus offer advantages for optical and
infrared observations requiring the darkest possible sky. These
considerations become compelling if large military, industrial, or
power-generation facilities are constructed in Earth orbit, for the
electromagnetic pollution arising from the operation of such fa-
cilities may well make it difficult or impossible to observe faint
astronomical objects from the ground or from Earth orbit. The
utility of the Moon for astronomical observations must therefore
be protected as a unique resource for future generations on Earth.

The preservation of sites on the Moon for astronomical obser-
vations is clearly a task of international scope. However, the
Committee recommends that agencies of the U.S. Government
take the lead in such an effort and begin planning in the near
future for the establishment of lunar observatories early in the
next century. In addition, the U.S: Government should consider
carefully the potentially disruptive effects on Earth-based astron-
omy of the construction of large-scale military, industrial, or
power-generation facilities in Earth orbit.
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AppendixA

Statement Concerning a Space Platform

Much of modern astronomy must be done above the Earth's atmo-

sphere. Because the resources demanded by such investigations are

substantial, the Committee therefore devoted considerable discussion

to ways in which space science might be carried out with greater

flexibility and at lower cost.'^ The currently developing concept of a
"space platform" offers considerable promise in these respects.

In addition to important aircraft and balloon facilities for obser-

vations above most of the Earth's atmosphere, there will be in op-

eration by the early 1980's three quite different types of space-science

vehicles, each providing observations on a different time scale.

Souq,ding rockets, the first of these to be developed, will still be

important for space exposures requiring only a few minutes' dura-

tion. They offer great flexibility in location, launch timing, and pay-

load content, also providing valuable opportunities for developing

satellite instrumentation and for training space scientists at low cost..

The Space Shuttle : will powerfully augment U.S. space-astronomy

capability by offering orbital exposures on Spacelab ranging effec-

tively from hours to a few days, and it will also accommodate large

payloads; however, among the larger experiments, only a few (such

as SIRTF and soT) can carry out their missions with maximum cost-

effectiveness within such relatively brief exposure times. Free-flying

satellites often present the most advantageous means for carrying

out major scientific programs, permitting dedicated, noninterfering

payloads and observing lifetimes ranging up to years. However, each

f.
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individual spacecraft is expensive and (except for major observatories
such as sT and AxAF) not normally accessible for refurbishment,
modification, or recovery after launch.

In terms of exposure times provided, there is a large gap in ca-
pability between Spacelab missions and those carried out on free-
flying satellites. On the other hand, many areas of space astronomy
require long-duration, relatively low-cost exposure', together with
large payload capacity and accessibility for replenishment of ex-
pendable materials, for repair or replacement of components, and
for return to Earth for reconfiguration.

A space platform could in principle supply these needs, Current
concepts envisage free-flying structures, designed for lifetimes of at
least a decade, consisting of a central module (containing control-
moment gyroscopes and communications equipment) attached to a
substantial solar-power unit. Appropriate docking fixtures would	 {
permit the simple attachment of numbers of pallets functionally sim-
ilar to, if not identical to, those used for Spacelab experiments. Plat-
form extension arms could be used to reduce interference between 	 J

experiments, most of which would carry their own pointing systems	 t
for the requisite precision. Shuttle flights, perhaps including some
scheduled for other purposes, would be able to visit the platform
several times a year to reprovision expendable materials and to repair
or replace experimental hardware, 	 it

A space platform appears to offer many advantages to other sci-
entific areas as well, such as biomedical' research and materials pro-
cessing. Regardless of the influence of such other fields on possible 	 j

platform es gn, the Astronomy Survey Committee urges that at
Bast one 1 

	 f

of space-platform evolution be guided strongly by the u
needs of observational astronomy. Specifically, platforms optimized'
for astronomical use must offer unmanned operation, simplicity and
economy of both construction and operation, and the convenient
servicing and replacement of experiments. The Committee recom-
mends that NASA continue to seek the advice and recommendations
of the scientific community throughout the development of a space
platform for observational astronomy.

Several areas of astronomy could profit substantially from plat-
forms dedicated entirely to 'their use. For example, a cluster of solar
experiments could fill a solar-oriented platform in polar orbit. An-
other set of experiments, with capability for imaging, spectroscopy,
and studies of time variation in the gamma-ray, x-ray, ultraviolet,
and infrared re ions would be well suited to a latform observatorg	 F	 p	 y•
Some types of astronomical research, such as cosmic-ray studies,

{
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would be expected to place few constraints on platform characteristics
and the choice of neighboring experiments.

Various scientific study groups have already identified many as-
tronomical missions that would appear to be substantially more cost-	 a

effective if flown on a space platform, rather than on Spacelab or a
free-flying satellite. The Committee commends NASA's initiative in
studying the platform concept and emphasizes that these studies
should include, for astronomy, consideration of the simplest and
least expensive system able to carry out basic platform functions.
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Appendix B_
Organization, Education, and Personnel

t

During its study of the needs of astronomy and astrophysics for
the 1980's, the Astronomy Survey Committee devoted considerable
attention to the general structure and health of the profession, par-
titularly through discussion of the recommendations of the Panel on
Organization, Education, and Personnel (OEP) presented in Vol-
ume 2.

An investigation of the trends that training and employment pat-
terns in astronomy will follow in the future led the Panel to its first
and most important recommendation, one that has also been adopted
by the Committee itself as a recommended new program for the
coming decade: a temporary program to maintain scientific expertise
at U.S. universities through a series of NSF "Astronomy Excellence

'	 Awards" during the 1980's, A discussion of this recommendation
appears in Section C of Chapter 6.

The Astronomy Survey Committee also supports the other rec-
ommendations of the oEP Panel, which are discussed extensively in
the OEP Panel report and summarized below.

PERSONNEL
r

1. Mittaities The Panel endorses the recommendations made
by the American Astronomical Society's Committee on Ethnic
Minorities to encourage young, members of ethnic minorities to
study astronomy. Past progress in this area has been inade-
quate.

172
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2. Women in A00nomy	 The Panel endorses (lie report of the
Committee on the Status of Women, accepteO by late Ameriedi1
Astronomical Society in 1980. Women are still for l:fwin, achev-
ing equal status in astronomy.

3, Dual-Career Couples 	 The Panel recommends appropriate
modification of remaining nepotism rules, the granting of per-
mission to scientists employed part-time to act as Principal In-	 j
vestigators on contracts and grants, and the liberalization of in-
stitutional policies governing shared jobs.

i.
EDUCATION	 a

4, Public Communication	 The Panel recognizes the need for as-	 1
tronomers to devote a suitable portion of their time to the com-
munication of astronomical results to the general public, and
encourages them to do so. Such efforts need to be recognized
and encouraged also by department chairs and group leaders,
funding agencies, academic institutions, and professional organi-

;J zations as a necessary and beneficial scientific service activity.
5. Training of Astronomers	 The Panel recommends that the

training of astronomers include the acquisition of skills in such
specialized areas as electronics, electrooptical devices, mechanical
systems, computer software, and systems engineering; these skills

=t not only are relevant to the development of astronomical instru-
mentation but also make astronomy graduates more attractive to
industry. There is a perception that astronomers who develop
advanced astronomical instrumentation are sometimes not ade-
quately rewarded with respect to promotion and tenure. The

r Paned recommends that astronomy departments take care to
eliminate any such inequity.

6. The Astronomical Community 	 Teachers at two- and four-year
colleges, many of whom are not full-time astronomers, make a
significant contribution to astronomy education in the United
States. Amateur astronomers also contribute in substantial ways
to the position astronomy holds in the national esteem. The Panel

a recommends that research astronomers make efforts to increase
communication with these additional members of th,: astronomi-
cal community, who contribute so much to the general health of

r the field.
t 7, Small Telescopes	 Small	 telescopes, many associated with

university departments, are an important resource for U.S, as-
tronomy. Financial support for these telescopes (and associated
instrumentation) should be awarded on the basis of scientific

i
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merit. In awarding funds, agencies should keep in mind the
many diverse needs served by these facilities:

ORGANIZATION

8. Classified Data and Technology The Panel recommends that
both NASA and NSF maintain a continuing awareness of the ben-
efits that would accrue to astronomy from the use of certain data
and technology that have been classified, inform the proper
government agencies of such benefits, and establish appropriate
mechanisms by which the astronomical community can partici-
pate in the procedures for identification and declassification of
such data and technology.

9. Access to Foreign Space Missions on the Basis of Merit The
Panel recommends that NASA work to promote competitive ac-
cess to foreign scientific satellite missions and institute policies and
budgetary mechanisms designed to encourage the flight of U.S.
experiments on foreign satellites.

10. Peer Review The Parv?l: calls attention to the study by J.R,
Cole, L.C. Rubin, and S. Cole (Scientific American, October 1977,
p. 34), which "yielded little evidence in support of the main
criticisms that have been made of the peer-review system." The
Panel supports'iny measures that can be taken to streamline
proposal procedures but recognizes that increased accountability
requirements are beyond the direct control of the astronomical
community (e.g., E.B. Staats, Science 205, 18, July 6, 1979). The
Panel also emphasizes the great importance of supporting proj-
ects whose results may lie far in the future and the particular
need for dialogue between the proposer and referees when in-
strumental proposals are under review. Finally, the Panel notes
the importance of attracting outstanding scientists to work within
the federal funding agencies and of opportunities for temporary
agency service under the Intergovernmental Personnel Act. The
welfare of the entire astronomical community depends critically
on the wisdom and foresight of scientific decisions made within
federal a enciesg

11. Advice to NASA and NSr The Panel recommends that the
agency that funds a scientific mission should take particular care
also to fund adequate analysis of all the meaningful data that
flow from that mission. Using the mechanisms for interagency

E` cooperation already in place, the agencies should identify the
mutual impact of new programs before those programs are initi-
ated and take appropriate action.
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12. Private and State Support for Astronvmiy The Panel com-
mends the successful efforts of institutions that have done well	 a
in this area, A number of state universities have been notably
successful in obtaining funds specifically designated for astron-
omy from their state legislatures. Private institutions have also
provided substantial support for astronomy; a number have been
particularly successful in maintaining strong research programs in
spite of the inroads of inflation.

13. Reducers Adntinistrotive Bgrdefts and' Multiyear Fundhkg The
Panel urges funding agencies to switch, as rapidly as possible, to
longer-term (e.g., three-year) funding of research projects, with
reporting requirements reduced to submission of copies of pub-
lished papers, annual reports, or both. The Panel further urges
that simple mechanisms be instituted for consolidation of small
projects from a single agency.

t
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Panels and %brking Groups

t'

PANEL ON HIGH ENERGY ASTROPHYSICS

i	 GEORGE W. CLARK, Massachusetts Institute of Technology,
Cliairman

C, STUART BOWYER, University of California, Berkeley
RICCARDO GIACCONI, Space Telescope Science Institute
ALLAN S. JACOBSON, Jet. Propulsion Laboratory
WILLIAM L. KRAUSHAAR, University Of Wisconsin
DIETRICH MUELLER, University of Chicago
REUVEN RAMATY, NASA Goddard Space Flight Center
DAVID SCHRAMM, University of Chicago
KIP THORNE, California Institute of Technology

CARL E. FICHTEL, NASA Goddard Space Flight Center, ex Officio
ARTHUR B. C. WALKER, Stanford University, ex officio

PANEL ON ULTRAVIOLET, OPTICAL, AND INFRARED
ASTRONOMY

E. JOSEPH WAMPLER, University Of California, Santa Cruz,
Chairman

JACQUES BECKERS, University of Arizona
GEOFFREY BURBIDGE, Kitt Peak National Observatory
GEORGE CARRUTHERS, U.S. Naval Research Laboratory
JUDITH G. COHEN, California Institute of Technology
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JOHN GALLAGHER, University of Illinois, Urbana
FRED GILLETT, Kitt Peak National Observatory
W.A. HILTNER, University of Michigan
WILLIAM F, HOFFMANN, University of Arizona
JEFFREY LINSKY, Joint Institute for Laboratory Astrophysics and

thei, University of Colorado
J, BEVERLEY OKE, California Institute of Technology
VERA RUBIN, Carnegie Institution of Washington
RAINER WEISS, Massachusetts Institute of Technology
SIDNEY C. WOLFF, University of Hawaii
DONALD YORK, Princeton University

Consultants

J. ROGER ANGEL, University of Arizona
JESSE GREENSTEIN, California Institute of Technology
LYMAN SPITZER, Princeton University
STEPHEN E. STROM, Kitt Peak National Observatory

PANEL ON RADIO ASTRONOMY

PATRICK THADDEUS, NASA Goddard Institute for Space . Studies
and Columbia University, Chairman

BERNARD BURKE, Massachusetts Institute of Technology
MARSHALL COHEN, California Institute of Technology
FRANK DRAKE, Cornell University
MORTON ROBERTS, National Radio Astronomy Observatory
JOSEPH TAYLOR, Princeton University
WILLIAM ). WELCH, University of California, Berkeley
DAVID WILKINSON, F`rinceton University
ROBERT WILSON, Bell Laboratories

Consultant

GEORGE A. DULK, University of Colorado

PANEL ON THEORETICAL AND LABORATORY
ASTROPHYSICS

RICHARD A, McCRAY, Joint Institute for Laboratory Astrophysics
and the University of Colorado, Chairn ►a ►:

W. DAVID ARNETT, University of Chicago
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ROGER BLANDFORD,, California Institute of Technology
ALEXANDER DALGARNO, Harvard-Smithsonian Center for Astro-

physics
WILLIAM FOWLER, California Institute of Technology
WILLIAM PRESS, Harvard-Smithsonian Center for Astrophysics
SCOTT D. TREMAINE, Massachusetts Institute of Technology
JAMES G. WILLIAMS, jet Propulsion Laboratory

Consultants

ARTHUR N. Cox, Los Alamos Scientific Laboratory
KRIS DAVIDSON, University of Minnesota
VICTOR G. SZEBEHEL.Y, University of Texas, Austin
C. BRUCE TARTER, .Lawrence Llvernlow Laboratory

PANEL ON DATA PROCESSING AND COMPUTATIONAL
FACILITIES

EDWARD J. GROTH, Princeton University, Chairman

ROBERT M. H)ELLMING, National Radio Astronomy Observatory
RICHARD B. "LARSON,; Yale University
JAYLEE M. MEAD, NASA Goddard Space Flight Center
RICHARD H. MILLER, University of Chicago
BERNARD OLIVER, Hewlett-Packard Corporation
STEPHEN E. STROM, Kitt Peak National Observatory
PAUL R. WOODWARD, Lawrence Livermore Laboratory

PANEL ON ORGANIZATION, EDUCATION, AND
PERSONNEL

RICHARD C., HENRY, The Johns Hopkins University, Chairman

PETER B. BOYCE, American Astronomical Society
NOEL W. HINNERS, Smithsonian Institution
HENRY L. SHIPMAN, University of Delaware
ELSKE V.P. SMITH, Virginia Commonwealth University
DONNA E. WEISTROP, NASA Goddard Space Flight Center
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Consultants

DONALD W. GOLDSMITH, Interstellar Media
I	 MARTHA H. LILLER, Harvard-Smithsonian Center for Astro-

physics
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WAYNE OSBORN, Central Michigan University
R. MARCUS PRICE, University of New Mexico, Albuquerque

WORKING GROUP ON SOLAR PHYSICS

ARTHUR B.C. WALKER, Stanford University, Chainnan
JOHN W. HARVEY, Kitt Peak National Observatory
THOMAS E. HOLZER, National Center for Atmospheric Research
JEFFREY L. LINSKY, joint Institute for Laboratory Astrophysics and

the University of Colorado
EUGENE N. PARKER, University of Chicago
ROGER K. ULRICH, University of California, Los Angeles
GERARD VAN HOVEN, University of California, Irvine
GEORGE L. WITHBROE, Harvard-Smithsonian Center for Astro-

physics

Consultants

HUGH S. (HUDSON, University of California, San Diego
STUART D. JORDAN, NASA Goddard Space Flight Center
MUKUL R. KUN.DU, University of Maryland
JACK B. ZIRKER, Sacramento Peak Observatory

WORKING GROUP ON PLANETARY SCIENCE
j

MICHAEL J.S. BELTON, Kitt Peak National Observatory, Chair►nan
JOHN ). CALDWELL, State University of New York, Stony Brook
DONALD M. HUNTEN, University of Arizona
TORRENC6 V. JOHNSON, jet Propulsion Laboratory
DAVID MORRISON, University of Hawaii
TOBIAS C. OWEN, State University of New York, Stony Brook
STANTON J. PEALS, University of California, Santa Barbara
GORDON H. PETTENGILL, Massachusetts Institute of Technology
JAMES B. POLLACK, NASA Ames Research Center

WORKING GROUP ON GALACTIC ASTRONOMY

ROBERT D. GEHRZ, University of Wyoming, Chairman
DAVID BLACK, NASA Ames Research Center

€ W. BUTLER BURTON, University Of Minnesota
DUANE F. CARBON, Kitt Peak National Observatory \\a
JUDITH C. COHEN, California Institute Of Technology
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b

PIERRE DEMARQUE, Yale University
FREDERICK K, LAMB, University of Illinois, Urbana
BRUCE MARGON, University of Washington, Seattle
PHILIP SOLOMON, State University of New York, Stony Brook
SIDNEY VAN DEN BERGH, Dominion Astrophysical Observatory
PETER O. VANDERVOORT, University of Chicago

consultalits

RICHARD A. -McCRAY, joint Institute for Laboratory Astrophysics
and the University of Colorado

i7 CHRISTOPHER F. McKEE, University of California, Berkeley
LEONARD =SEARLE, Carnegie Institution of Washington

WORKING GROUT' ON EXTRAGALACTIC ASTRONOMY i

S. M. FABER, University of California, Santa Cruz, Clrai ►'rrrarl
CHRISTOPHER F. McKEC, University of California, Berkeley
FRAZER OW N, National Radio Astronomy Observatory {
P. JAMES E. PEEBLES, Princeton University
JOSEPH SILK, University of California, Berkeley	 -
HARVEY TANANBAUM, Harvard-Smithsonian. Center for Astro-

physics {
ALAR TOOMRE, Massachusetts Institute of Technology
JAMES W. TRURAN, University of Illinois, Urbana !	 1
RAY J. WEYMANN, University of Arizona

JAMES E. GUNN, Princeton University, el' officio '	 {
JEREMIAH OSTRIKER, Princeton University, ex officio -

Co►tstdtant i

BEATRICE M. TINSLEY, Yale University

WORKING GROUP ON RELATED AREAS OF SCIENCE

JAMES E. GUNN, Princeton University, Chainiia ► r
DOUGLAS EARDLEY, Harvard-Smithsonian Center for Astro-

physics
PETER GILMAN, National Center for Atmospheric Research
RUSSELL M, KULSRUD, Princeton University
DAVID PINES, University of Illinois, Urbana

A



Consultants

GEORGE D. GATEWOOD, Allegheny Observatory
MICHAEL HART, Trinity University, San Antonio
MICHAEL D. PAPAGIANNis, Boston University

3

a
s

Appendixes	 181

GERALD J, WASSERBURG, California Institute of Technology
WILLIAM D. WATSON, University of Illinois, Urbana
STEVEN, WEINBERG, Harvard University
STAN E. WOOSLEY, University of California, Santa Cruz

WORKING GROUP ON ASTROMETRY

GAR I' WESTERHOU'I, 'U.S. 'Naval Observatory, Clrainnan
HEINRICH K. L•'ICHHORN, University of Florida, Gainesville
GEORGE D, GATEWOOD, Allegheny Observatory
)AMES HUGHEs, U.S. Nava' Observatory
WILLIAM 1-1. JEFFERYS, Uni !ersity of Texas, Austin
IVAN R, ICING, University of California, Berkeley
WILLIAM F. VAN AUI'ENA, 'Yale University

WORKING GROUP ON THE SEARCH FOR
EXTRA'T'ERRESTRIAL INTELLIGENCE

HARLAN J, SMITH, University of Texas, Austin, Clrairrrran
FRANK DRAKE, Cornell University
JAMES E, GUNN, Princeton University
DAVID HEESCHEN, National Radio Astronomy Observatory
NOEL W, HINNERS, Smithsonian Institution
JEREMIAH OSTRIKER, Princeton University
PATRICK THADDEUS, NASA Goddard Institute for Space Studies

and Columbia University
CHARLES H. TOWNES, University of California, Berkeley
BENJAMIN M. ZUCKERMAN, University of Maryland
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AAS	 American Astronomical Society
ASO	 Advanced Solar Observatory (in space)
AXAF	 Advanced X-Ray Astrophysics Facility
CCD	 Charge-coupled device
CES'	 Committee on Earth Sciences (ssB)
COBS	 Cosmic Background Explorer satellite
COMPLEX Committee on Planetary and Lunar Exploration (ssB)	 x
CSAA	 Committee on Space Astronomy and Astrophysics (so)
CSSP	 Committee on Solar and Space Physics (ssB)	 1
EOP	 Experiment of Opportunity Program (NASA)
EUVE	 I Extreme Ultraviolet Explorer satellite 	 t
GRIST	 Grazing Incidence Solar Telescope

r	 GRO.	 Gamma Ray Observatory
HEAD	 High Energy Astronomical Observatory
IRAS	 Infrared Astronomy Satellite (Explorer)
1SPM	 International Solar Polar Mission	 'r
WE	 1qt!rna-tional Ultraviolet Explorer satellite
KAO	 Kiliper Airbornr: Observatory
LDR	 Large Deployable Reflector (in space; infrared/submilli-Y	

meter)
'	 MMT	 Multiple-mirror telescope (optical/infrared)

NAS	 National Academy of Sciences
NASA	 National Aeronautics and Space Administration
NBS	 National Bureau of Standards
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NRC	 National Research Council
NSF	 National Science Foundation
Nrr	 New Technology Telescope (optical/infrared, ground

based)
oEP	 Organization, Education, and Personnel (Panel)
GSSA,	 Office of Space Science and Applications (NASA)

P1	 Principal Investigator
SETT	 Search for Extraterrestrial Intelligence
SIRTF	 Shuttle Infrared Telescope Facility
SOT	 Solar Optical Telescope (Space Shuttle facility)
SSB	 Space Science Board
SSXTF	 Solar Soft X-Ray Telescope Facility 	 x,
ST	 Space Telescope (optical/ultraviolet)
STSCI	 Space Telescope Science Institute
VLA	 Very Large Array (radio telescope)
VLB	 Very Long Baseline
VLB Array Very-Long-Baseline Array (of radio telescopes)
VLBt	 Very-long-baseline interferometry
xTE	 X-Ray Timing Explorer satellite
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Accretion disks, 57, 59, 62, 108, 153 massive and Sagittarius A, 59 1
Advanced Solar Observatory (Asa), 17, 19, primordial, 97 i

33, 63, 78, 134
Advanced X-Ray Astrophysics Facility Carbon monoxide (CO), 51, 68, 70, 85,

(AxAF), 15, 18, 19, 27, 31, 39, 44, 48 89, 151
50, 52, 53, F ,. 64, 65, 66, 69, 82, 85, Carbonaceous chondrites, 73, 89
133, 134-13,0,, 141, 148-149, 158, 159 Cataclysmic variable stars, 142, 159 33

I'_ndromeda Galaxy (Messier 31), 59, 70, Centaurus A, 60 l
163 Cerro Tololo Inter-American Observa-

Antimatter and cosmology, 96 tory, 117, 119
Apollo Telescope Mount, 23 Comets, 72, 103, 108, 112
Array processors, 74 Computational facilities, 7, 15, 19, 127-
Asteroids, 73, 107, 112 129
Astrometry, 17, 19, 23, 24, 34, 90, 134, Computer codes for hydrodynamics, 74,

153-154 75

Astronomy and the forces of nature, 91- Colxruicus ultraviolet observatory, 5, 8, 23,
98 67, 68, 70, 80, 84, 85, 1031

Astrophysical theory, 8, 15, 19, 23, 126- cos-y satellite, 23, 69, 105
127 Cosmic Background Explorer (CODE), 39,

41, 47, iQ7-108, 109, 141
Balloons, 13, 23, 25, 67, 75, 101, 106, 108- Cosmic microwave background radiation,

109, 150, 160, 169 9, 39, 41, 47, 95, 107, 120
Barnard 's star, 76, 89	 1 Cosmic-ray experiments, 17, 19, 33, 134,
Big bang, 37, 38, 95, 96, 97, 107 149-4150
Binary stars, 56-58, 142 Cosmic rays, 50, 53, 54, 63, 64, 69, 70,

k accretion of mass, 56 106, 109, 142, 149
Black holes, 54, 57, 96, 97, 147, 153 acceleration of, 50, 63

evaporation of, 97 i isotopic composition of, 6, 56, 63
I+ massive, 53, 62, 103 Cosmology, 37
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Crab nebula, 55, 59	 evolution of, 9, 44-$3, 103, 104, 112,	 9
Critical matter density, 43	 134, 137, 140, 147
Cyclotron resonance and determination	 formation of, 46-48, 134, 137

of magnetic fields, 57	 groups of, 41, 42	 i
Cygnus X-1, 57	 Hubble types, 45

interaction with their environment, 51-
Detectors, 14, 22, 123-125 	 53, 119

charge-coupled device, 104, 125	 irregular, 45
cosmic-ray, 125	 lenticular, 45
gamma-ray, 125	 Ltxal Grrdp, 40
infrared array, 124	 nuclei of; 59, 136, 144
millimeter and submillimeter, 125	 radio, 52, 59 145'
two-dimensional, 104, 124, 125	 Seyfert, 6, 52, 59 145
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